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STUDIES ON THE INHERITANCE OF COVERED SMUT REACTION, 
LEMMA COLOR, AWN DEVELOPMENT AND RACHILLA 
PUBESCENCE IN OATS! 


By L. P. V. Jonnson? 






Abstract 


An oat cross, Black Mesdag X Victory, was studied genctically for covered 
smut reaction, lemma color, awn development and rachilla pubescence. Only 
the F; was studied for reaction to the covered smut fungus, U’stilago levis (K. 
and S.) Magn. Prior to sowing, the caryopses were dehulled and inoculated 
with smut spores. Hybrid susceptibility (up to 95%%) corresponded with that 
of Victory, the non-resistant parent. Segregation among F; families occurred in 
the ratio 4 immune : 9 moderately resistant : 3 susceptible. It is concluded 
that smut resistance is conditioned by two genetic factors: a dominant factor, 
which when homozygous gives high resistance or immunity, and a less potent 
supplementary factor. 

Both the F; and F; were studied for the grain characters mentioned. Each of 
these characters was found to be controlled by two genetic factors. F, segrega- 
tion ratios were as follows:—lemma color, 12 black : 3 gray : 1 white; awn 
development, 12 strong : 3 intermediate : 1 weak; rachilla pubescence, 12 long 
: 3 short : 1 glabrous. The F; gave good substantiation of the F2 ratios except 
in the case of awn development where fairly wide deviations from the expected 
occurred, due, it is believed, to environmental influences. 

No correlations between smut reaction and grain characters were found. 
Association between rachilla and callus pubescence was observed; but this is 
not believed to be due, necessarily, to a genetic linkage. 

Homozygous strains combining smut immunity with agronomically desirable 
grain characters were obtained. 






















Introduction 


A genetic study of covered smut reaction and of certain grain characters 
in hybrids of Black Mesdag and Victory oats is reported herein. The variety 
Black Mesdag, while of inferior quality, is very resistant to the covered smut 
fungus, Ustilago levis (K. and S.) Magn.; Victory, on the other hand, though 
of excellent quality, is very susceptible to this pathogen. The prifnary 
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object of the investigation was to record and analyze genetic data on the 
reaction to the disease and to obtain, or to ascertain the possibilities of obtain- 
ing, true-breeding strains possessing the desirable characters of both parents. 
Genetic data were also compiled on lemma color, awn development and 
rachilla pubescence for the purpose of studying the mode of inheritance of 
the character in each case, and of testing its relation to smut reaction and to 
the other characters studied. 


Materials and Experimental Methods 


Parental Material 


The cultures used in these studies were F; to F; generations (complete) 
and certain F, lines of several crosses between Black Mesdag and Victory 
varieties of oats. In all crosses Black Mesdag was the pistillate and Victory 
was the staminate parent. A comparison of these varieties for the characters 
studied is summarized in Table I. 


TABLE I 


COMPARISON OF PARENTAL VARIETIES FOR CHARACTERS STUDIED 


Av. per- 
Vnalaty Lemma Awn Rachilla Callus centage 
. color development pubescence | pubescence | infection by 


covered smut* 





Victory White |Usually weak; often} Absent Occasionally 89.2 
slightly twisted, sel- a few short 
dom geniculate hairs 
Black Mesdag | Black |Strong; twisted, gen-| Numerous | Occasionally 0.0 
C.1, 1877 iculate hairs present | a = 
airs 


*Data obtained from parental lines tested with hybrids. See Table II. 


Comparison of Black Mesdag with Victory shows that in lemma color and 
smut reaction the parents are entirely different; the former is black and 
immune, while the latter is white and susceptible. Black Mesdag has a far 
stronger development of awns; it has fairly heavy rachilla pubescence which 
contrasts with the glabrous condition of the other parent. Both varieties are 
practically the same with respect to callus pubescence. 


ft 


Inoculum and Methods of Inoculation 


Only the reaction to covered smut of oats, caused by Ustilago levis (K. and 
S.) Magn., was studied in the present test. In 1930 a composite was made 
up of smutted panicles collected from many different varieties in many parts 
of the province. Inoculum was prepared by grinding the infected panicles of 
this collection. In 1931 several field smut tests were made which collectively 
included about 250 varieties and 450 hybrid lines including 127 F; lines of the 


TO TW ae ORME  4 ycllet PES St oer ee OD 
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Black Mesdag X Victory cross. Smutted panicles were collected from over 
200 varieties and from nearly 300 hybrid lines. The composite spore material 
obtained from this collection served as inoculum for the retesting, in 1932, 
of the F; lines of the present material. 


Reed (26, 28, 30) and Reed and Stanton (35) have reported evidence indi- 
cating the existence of several physiologic races of both oat smut fungi. It 
is believed that the inoculum used in the present investigation includes the 
majority, if not all, of the physiologic forms of U. levis existent in the province. 


As the 1931 smut test of F; lines, in which hulled seeds (hulls not removed 
from caryopses) were used, resulted in only fair smut infection, it was decided 
to repeat the test in 1932 using dehulled seeds (hulls removed from caryopses). 
Fifty seeds, or as many as available up to that number, of each F, plant were 
dehulled and placed in an envelope. The inoculum was prepared by grinding 
the smutted panicles and removing the chaffy material by sifting. A liberal 
quantity of inoculum was added to each envelope which was then shaken 
vigorously. The smut infection in 1932 was very severe. Previous investi- 
gators, particularly Johnston (20) and Stanton et al. (38), have found that 
dehulling of the seed increases smut infection considerably. 


General Methods of Growing and Handling the Material 


In all, three complete sowings were made from seeds of F: plants: in 1931 


duplicate sowings were made, one being a genetic nursery used as a source of 
material for morphological studies, the other being a smut test; in 1932 the 
smut test was repeated. In all sowings, plots of both parents were grown 
with the hybrids at 20-plot intervals. All plots were single rows, 10 ft. in 
length, with 50 seeds (or as many as available) per row. 


Notes on smut infection were taken in the field when plants neared maturity. 
Counts of total number of plants and of number of plants infected were made 
in each hybrid and parental row. (Plants were spaced approximately 23 in. 
apart to facilitate counting.) From data thus collected the percentage of 
smut infection was later calculated for each row. 


The plants in the genetic nursery plots were harvested by pulling up each 
plant by the roots and making a sheaf from each line. The data on awn 
development were compiled for each plant prior to threshing. Data on all 
other morphological characters of the seed were obtained by examining after 
threshing. It should be stated that in threshing the outer glumes of many 
spikelets were not removed. Seeds thus protected were utilized to advantage 
in classifying for pubescence, as completely threshed grains often lost many 
hairs in the process. 


A study, paralleling the present investigation in every respect, was made 
of the cross Black Mesdag X Banner; the F; population was, however, so 
reduced by the necessity for retesting that the study does not warrant report- 
ing. The results were, throughout, in good agreement with those herein 
reported. 
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Environmental Conditions 


Bartholomew and Jones (2) found that the optimum temperatures for 
growth, spore germination. and sporidial production in Ustilago avenae, the 
loose smut fungus, were 68°, 59° and 59° F., respectively. In soil of 36% 
moisture, 100°- infection was obtained at temperatures between 59° and 73° F. 
Reed and Faris (33) obtained highest infections by U. levis at 77° F. with 
severe infection at 59° and 68° F. Johnston (20) found soil temperatures of 
62° to 66° F. to be the most favorable for infection by a mixture of U. avenae 
and U. levis. ; 


In the spring of 1932 records of soil temperatures were obtained by means 
of a thermograph. Seeding was done on May 6 when soil temperatures 
ranged from 52° to 65° F. with the average at 59° F. Temperatures for the 
three days preceding had been practically the same, and there was little 
change in average soil temperatures up to the time of emergence of the seed- 
lings. It is believed that the temperature conditions of the 1932 smut test 
were near the optimum for smut infection. 


Inheritance of Smut Reaction 


Literature on the inheritance of smut reaction in oats is comparatively 
recent, dating from 1921 when Wakabayashi (40) published data on the 
reaction of oat hybrids to Ustilago levis. Since that time nearly a score of 
investigations on the inheritance of reaction to one or the other or both of 
the oat smuts have been reported. Conclusions vary regarding the number 
and nature of the genetic factors concerned and regarding the genetic relation- 
ship of reaction to the two smuts. The literature on the inheritance of re- 
action to U. levis and to U. avenae is summarized in tabular form in Appendix A. 


Experimental Results 


As has already been stated, the F; lines were tested for reaction to covered 
smut in both 1931 and 1932. In the present analyses only the 1932 test will 
be considered as far greater infections were obtained in that year. The cor- 
relation coefficient for smut infection in 1931 and smut infection in 1932 was 
+0.823 +0.021. 

The necessity for three sowings from the seeds of F, plants considerably 
reduced the number of plants in some F; families in the 1932 smut test. 
Only families with sufficient numbers to give a reliable indication of inherent 
reaction are included in the following analyses. The standard set for the zero- 
infection class was as follows: no infection in 1931 (based on 40-50 plants), 
no infection in 1932 (row of 20 or more plants). “The standard for the inter- 
mediate infection class was a test of 20 or more plants which resulted in 
infection ranging from a trace to 39.9°7. The minimum standard for inclusion 
of a family in the susceptible class is represented by a family which showed 
a comparatively very high infection in 1931, and 13 out of 17 plants infected 
in 1932. In a great majority of the cases the population of 1932 F; families 
ranged from 35 to 50 plants. 
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The classification of F, plants for smut reaction on the basis of percentage 
smut infection of F; families, together with parental reactions, is presented 
in Table If. 

TABLE II 


CLASSIFICATION OF F; PLANTS ON THE BASIS OF SMUT REACTION OF F; FAMILIES AND COMPARISON 
WITH SMUT REACTION OF PARENTS 


Class centres in percentage smut infection Number 
Material —_——-—- a of 
$135 25 35 | 45 | 55 | 65 75 | 85 | 95] plots 


Victory 4 3 7 
Black Mesdag ; 
Black Mesdag X | 

Victory F; i 18 1 2 1 61 3 1 


Black Mesdag X 
Victory F; grouped 





Calculated, 
4:9 :3 ratio 25.500) 


Black Mesdag X Victory, x? = 0.772, P = > 0.6065 


These results could be explained, tentatively, by assuming the following 
factorial interactions:—Black Mesdag, RRPP; Victory, rrpp. R is a domi- 
nant factor for smut resistance which in a homozygous condition gives high 
resistance or immunity. P is a supplementary factor for resistance which is 
less potent than R, and in a homozygous condition gives only partial resist- 
ance. The recessive allelomorphs 7 and p condition smut susceptibility. 


Thus, the factorial interaction, with respect to smut reaction, in the present 
crosses may be represented by the following diagram. 


This hypothesis is in agreement RRPP X rrpp 
with the genetic explanation sug- F, RrPp 
gested by Hayes et al. (19) and, it is Smut pee based on 
believed, may be modified so as to eee 
agree with the factorial analysis * ! \ 
stated by Garber ef al. (16). ph 
Garber et al. (15, 16), in order to = a 0} ving i 
explain transgressive segregation for ee all 
susceptibility in a Gopher X Black eine 
Mesdag cross, ascribed the following ia. 
genotypes to the parents:—Black 5-39 nme 


Mesdag, RRii; Gopher, rrII (see ee 
Appendix A). : .5-39.9 


Except for a narrower range of 
infection (0 to 67.57) their data on 
smut reaction of F; families agree 
with those of the present experiment. 


le 
0-100 }-~~. 
f 


0-100 |_—— 
j 
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Factorial analyses of both investigations will agree if the following parental 
genotypes be assumed:—Black Mesdag, RRPPii; Victory, rrppii; Gopher, 
rrPPII. 

The two-factor ratio assumed in each analysis will still hold good. The 
addition of factors PP to the genotype of Gopher accounts for the smaller 
degree of infection obtained in the cross involving that variety. 

As dehulled seeds were used in the present investigation, the fact that 
Garber et al. used hulled seed must be considered when comparing, directly, 
the infection ranges of the respective cultures. Garber et al. reported an 
average smut infection of 19.5% for the 11 Gopher parental plots grown 
with the F; families. Under the conditions of the present investigation, the 
average infections obtained for four plots of Gopher were 1.6% when hulled 
seed was used, and 23.5% when dehulled seed was used. It would appear, 
therefore, that conditions under which Garber et al: grew their material were 
such that their infection results from hulled seeds are closely comparable to 
those obtained from dehulled seeds under the condition of the present investi- 
gation. The direct comparison of infection ranges made above is therefore, 
to a considerable extent, justifiable. 


It should also be mentioned that Garber et al. used as inoculum a mixture 
of the two oat smuts, while in the present study only covered smut was used. 
The F, was not grown, except for the growing and testing for smut reaction 


of certain selections of agronomically desirable types from highly resistant 
or immune F; families. As the object of growing these lines was a purely 
economic one, no genetic analysis has been made. It might be stated, how- 
ever, that all families showing immunity to smut in the F; were also immune 
in the F,, a behavior to be expected on the basis of the hypothesis. 


Inheritance of Lemma Color 


A study of the literature dealing with the inheritance of lemma color in 
oats reveals an apparent difference in the genetical constitution of certain 
black-grained varieties (see Appendix B). The recent work of Robb (36) 
brings out this point with particular clearness. 

Reports on the inheritance of lemma color in crosses in which Black Mesdag 
was the black parent do not agree as to the number of factors involved. 
Garber and Quisenberry (14) found lemma color to be controlled by one 
factor in a cross between Black Mesdag and Gopher (white). Lunden (23) 
and Hayes, Griffee, Stevenson and Lunden (19) obtained similar results in 
crosses between Black Mesdag and homozygous strains from Minota X White 
Russian and White Russian X Victory crosses. Robb (36) observed a two- 
factor interaction in a cross, Breseler’s Prolific (white) X Black Mesdag. 

This difference in results may be explained in a number of ways: the 
white-grained parents may have carried, in the cases where only one factor 
was indicated, a factor inhibiting the expression of the factor for a gray 
lemma color present in Black Mesdag; the parent designated as Black 
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Mesdag may not have been TABLE III 


the same; the environmental — F, seGREGATION FOR LEMMA COLOR IN BLACK MESDAG 
conditions, under which were X VICTORY AND THE TEST OF GOODNESS OF FIT 


: TO A 12:3:1 RATIO 
conducted the experiments 
that indicated one factor for (o-c)? 
lemma color, may have been Phenotype | Observed | Calculated _——— 
such that the factor for gray o C Me 
lemma color was not expressed. 7 


‘ 37; 
Experimental Results 24.0 8 
12 


The lemma color of the F, 1% 8.0 


grains was similar to that of ‘128.0 |x%= 2.542 

Black Mesdag. In the Fy, Fm >. 
egresaticncccurredicocbiack, “~~ S—s”s—<“S~SFS™”?E?PFP””-—®™ FWP”. —_—TC_ 
gray and white in approximately the ratioof 12:3:1. The F, data, together 
with tests of goodness of fit to the 12: 3:1 ratio, are given in Table III. 


The P value obtained indicates a fairly good fit of the observed to the 
calculated data. It seems quite safe, therefore, to conclude that the genetic 
ratio assumed is the correct one. 

The F; data give good substantiation of the hypothesis based on F; results. 
However, since difficulty was encountered in distinguishing between white 
and gray colors, in many in- 
stances it was impossible to Tas: eV 


classify the different segrega- *s SEGREGATION FOR LEMMA COLOR IN BLACK MESDAG 
; X VICTORY AND TEST OF GOODNESS OF FIT TO 
tion types. In Table IV A CORRECTED 4 : 8 : 3 : 1 RATIO® 


certain groupings are made 
in an attempt to overcome (o-c)? 
this difficulty. F, behavior . S 
Fim chewed Gate B00 Gi netic ened 
ceedingly close to the expected Shensastines 
data based on the F; hypo- black 30 | 30.0 0.0 
thesis, and are in agreement Heterozygous 
‘ black 
with those reported by Robb Homozygous and 


(36) heterozygous 
. oe a gray 31 | 31.0 0.0 
There was some indication Homozygous 


of an accumulative effect of white 7 7.0 0.0 
the factor for black and also 128 | 128.0 |x?= 0.000 
of the factor for gray, but va- Et NP 0801S 


riations in color due to environ- *This is the F, ratio of the various types of segregation 


iti +t im. (with certain groupings) expected froma 12:3: 1 Fs 
mental conditions made it im ratio. It is corrected on the basis of actual numbers ob- 
possible to establish the fact. {ained in the Fz. 


c 


60 60.0 0.0 


Inheritance of Awn Development 


The inheritance of awn development has been studied in a number of 
investigations, mainly in connection with interspecific crosses (see Appendix B). 
The inheritance of the weak awn was studied by Love and Fraser (22) in 
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Avena sterilis var. Burt X A. sativa var. Sixty-Day and Red Texas X Burt 
crosses. A single factor for awns was indicated. Fraser (9) later made a 
more intensive study of the genetics of the weak awn in crosses between Burt 
and Sixty Day. The expression of the weak awn was found to be controlled 
by a single factor. Surface (39), Love and Fraser (22), Fedorova (6) and 
others have found the strong awn to be strongly linked with the factor for wild 
type articulation in crosses between A. fatua and A. sativa. Segregation for 
awns occurred in the ratio of 1 sativa type : 2 intermediate types : 1 fatua type. 
The mode of inheritance of the strong awn in crosses between varieties of 
A. sativa has not been established. Lunden (23) studied the inheritance of 
the strong awn in crosses between Black Mesdag and three purified hybrid 
lines from crosses between Victory or Minota and White Russian. No 
classification seemed possible because of nearly complete gradations between 
parental extremes. The data, however, indicated the presence of one main 
factor for geniculate awns, with other factors probably concerned. Quisen- 
berry (25) found, in a cross between A. sativa var. Victor (strong-awned) 
and A. sativa orientalis var. Sparrowbill (weak-awned, nearly awnless), that 
inheritance of awns was controlled by more than one genetic factor. Hayes, 
Griffee, Stevenson and Lunden (19) stated, in regard to the inheritance of 
awns in a cross (Minota X White Russian) XK Black Mesdag, that “without 
doubt several genetic factors are involved”. They also stated that awn 
development is probably greatly influenced by environmental conditions. 


Experimental Results 
When the study of the inheritance of awn development was begun, it was 
assumed that the character was dependent upon several genetic factors, and 
that it was greatly influenced by environmental conditions; accordingly, great 
care was exercised in classifying F, and F; material. Every plant in both 
generations was described, with respect to awn development, as follows:— 
(a) range of awn development (9 classes were used); (+) modal awn class; 
(c) percentage of awned spikelets (10 classes estimated by inspection). 
Genetic analyses were attempted, first, on the basis of the strongest awn 
TABLE V expression (i.e., the upper ex- 


treme of the range), and 
F, SEGREGATION FOR AWN DEVELOPMENT IN BLACK : a a 
MESDAG X VICTORY AND TEST OF GOODNESS second, on the basis of indices 


OF FIT TO THE 12 : 3 : 1 RATIO of number of awns (based on 
percentage of awned spikelets 
per plant). The former basis 
proved to be the most satis- 
factory, and it is believed that 


Phenotype 


Strong (twisted, 
geniculate) 

Intermediate (twisted, 
non-geniculate) 

Weak (non-twisted, 
non-geniculate) 


128 {128.0 


the data compiled by that 
method justify the presenta- 
tion of a scheme of inheritance 
for awn development. 

The F, data, corrected on 
the basis of F; behavior, are 
given in Table V. 
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The P value indicates an excellent fit of the observed to the calculated 
data. 

The F, results may be SStt X ssTT 
explained by assuming the Fi SsTt 
following factorial inter- Ff, F; behavior 
actions:—Black Mesda 

™ an E SSTT Homozygous S 

SStt; Victory, ssTT. Sisa 12 strong 2 SsTT Segregates 3S : 17 

mi ‘ (twisted, J2 SSTt Homozygous S 
do anes factor for strong geniculate) (S))4 SsTt Segregates 128 : 37: 1st 
(twisted, geniculate) awns, 11 SStt Homozygous S 
T is a factor for interme- \2 Sst Segregates 3S : 1st 
diate (twisted, non-genicu- 3 jntermediate { 
late) awns. The double ‘twisted, non- 41 ssTT * Homozygous T 


P ee geniculate) (7)\2 ssTt Segregates 37 : Ist 
recessive conditions a few 


weak (non-twisted, non- ! weak (non- 
. twisted, non- 
geniculate) awnsornoawns. geniculate) (st) 1 sstt Homozygous st 
The existence of awnless and nearly awnless hybrids indicates the possi- 
bility of a third genetic factor which operates in the absence of S and T, 
thus changing the ratio from 12:3:1 to 48:12:3:1. Of course, these 


types may be only variations due to the environment. 


The F; data do not give a 
conclusive substantiation of 
the hypothesis based on the 
F;. It is believed that the 
influence of environmental 
factors accounts for the lack 
of close correspondence be- 
tween the two generations. 
Table VI presents the Fsdata pomozygous S 32.67 
classified according to the 125: 37: Ist 3 | 32.67 

° ga cee 16.33 
expected ratio based on the 35:44 16.33 
F; hypothesis. Homozygous T 7.00 
A Ge is indi dt 3T : 1st 14.00 
poor t is in icate Y Homozygous st 9.00 
the x? test in Table VI. It Tan | samen a 15.234 
will be noticed that frequen- ~— = 0.0187 
cies are low in homozygous 


classes other than the reces- *This is the Fs ratio of the various types of segregation 
our fa 3 . x 23:1 F, ratio. Itis corrected on the 

sive class. This is to be ex- ¢xPected from a 12 2 ratio 

basis of actual numbers obtained in the F;. 


TABLE VI 


F; SEGREGATION FOR AWN DEVELOPMENT IN BLACK 
MESDAG X VICTORY AND TEST OF GOODNESS OF FIT 


F; behavior 


pected where external factors 
exert strong influence on genetic material. It seems fair to assume that 
many genotypically homozygous types, whose expressions are modified by 
the environment, would, therefore, appear to be segregating. 


Inheritance of Rachilla Pubescence 


The inheritance of rachilla pubescence has not been extensively investi- 
gated (see Appendix B). In crosses between Avena fatua and A. sativa, 
Surface (39) and Fedorova (6) found rachilla pubescence to be linked with 
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the factor for fatua type articulation, segregation for pubescence occurring 
in the ratio of 1 sativa type : 2 intermediate types : 1 fatua type. Lunden 
(23) reported that pubescence of the rachilla is controlled by a single factor 
in Black Mesdag crosses. The F, generation was intermediate. ' Hayes, 
Griffee, Stevenson and Lunden (19) in a study of (White Russian X Victory) 
X Black Mesdag and (White Russian X Minota) X Black Mesdag crosses, 
observed segregation in the ratio of 3 (few hairs) : 1 (many hairs). Odland 
(24), working with a cross between Early Gothland (A. sativa) and Garton 
784 (A. sativa orientalis), found segregation for rachilla pubescence in the 
ratio of 3 smooth : 1 hairy. 


Experimental Results 


Two methods of studying the inheritance of rachilla pubescence were used 
throughout the present investigation; first, length of hairs and, second, 
number of hairs was used as the unit of inheritance. A strong, positive 
correlation exists between these two aspects of rachilla pubescence (see 
Table X). Both systems of classification were utilized in working out an 
inheritance scheme, though phenotypic classes are based, primarily, on length 
of hairs. 


Originally, the F, data were classified on the basis of presence and absence 
of hairs. The data fitted the ratio 3 pubescent : 1 glabrous very well. When 
the F; was examined, however, it was found that most of the glabrous types 
produced hairs, indicating the presence of interclasses within the original 
recessive group. The F; material was then reclassified with great care; a 
magnifying glass was used to aid in the detection of the slightest indication 
of pubescence. Classification 


was based on six classes of 
F, SEGREGATION FOR RACHILLA PUBESCENCE IN BLACK pybescence as well as the 


MESDAG X VICTORY AND TEST OF GOODNESS 
OF FIT TO THE 12:3: 1 RATIO glabrous class. It was found 


that there are, apparently, two 
phenotypic classes of pube- 
Phenotype scence, long hairs and short 
hairs; the long hairs were 
koa relatively abundant while the 
Short ; 0.042 short hairs occurred in small 
Absent 0.000 numbers—often the inspection 
x?= 0.052 of several grains would dis- 

P =>0.6065 close only a single hair. 
Table VII summarizes the 


TABLE VII 


F, data as corrected on the basis of F; behavior. 


The fit of the observed to the calculated data is very close. 


The F; results may be explained by postulating the following hypothesis :— 
Black Mesdag, NNFF; Victory, nnff. N is a dominant factor which con- 
ditions numerous, fairly long hairs on the rachilla. F is a supplementary 
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factor, hypostatic to N, NNFF X nnff 
which gives a few short NnFf 
hairs on the rachilla. The 
double recessive produces 
NNFF Homozygous N 


a glabrous condition. 1 

8 — _ ‘ 2 NnFF Segregates 3N : 1F 
The expression of rachilla 12 numerous, 2 NNFf Homozygous NV 
4 
2 


F; behavior 


hairs in the F; was stronger long (N)\4 NnFf Segregates 12N :3F: inf 
: ' 1 NNff Homozygous NV 

than in the F, owing to Nnff Segregates 3N : Inf 

environmental influences. paid: (1 nn FF nisin 

It was found that the en- short (F)\2 nnFf Segregates 3F : Inf 

vironment affected the 

length more than it did the 

number of hairs; that is to say, while the short hair expression of the F; might 

be ‘‘stepped-up” to medium length in the F;, the number of hairs associated 

with short expression remained more or less constant in both generations. 

This fact was utilized in distinguishing F; phenotypes in terms of the F; 

expressions. The data thus compiled afford an excellent substantiation of 

the F, hypothesis. 

The P value calculated in TABLE VIII 


Table VIII indicates an ex- F; SEGREGATION FOR RACHILLA PUBESCENCE IN BLACK 
cellent fit between observed MESDAG X VICTORY AND TEST OF GOODNESS OF FIT 
TO A CORRECTED 4:4:2:2:1:2:1 RATIO* 


1 absent (nf) 1 nnff _ Homozygous nf 


and calculated ratios. 
The F; breeding behavior 
of plants in the glabrous class F; behavior . 
of the reclassified F2 indicated * 
the presence of still another 
supplementary factor or other ae - 
modifying condition. Among 3N:1F 
the eight plants classified as Sd : Inf 
é omozygous F 
glabrous, two bred true while 3F: inf 
six segregated as follows for Homozygous nf 
hairlessness and one or more 
very short hairs per plant, 
respectively: 34 :4, 30:4, 31: 


‘ ‘ . *This ts the Fs ratio of the various types of segregation 
6, 25 : 10, 16 : 13, 24 : 19. In expected froma 12:3:1 F, ratio. It 1s corrected on the 
the first three cases the hairs basis of actual numbers obtained in the Fz. 


were distinctly longer and 
more numerous than in the last three instances, where the hairs were very 
minute. 


(o-c)? 


Studies on Correlated Inheritance 


Correlation between Smut Reaction and Other Characters 

The detection of linkage relations between disease reaction and morpho- 
logical characters is of economic importance because it gives an indication 
of the possibilities of combining desirable expressions of the latter with disease 
resistance by hybridization. When the mode of inheritance of the disease 
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reaction in question is difficult to study by direct methods, correlations with 
characters of known inheritance provide a basis for an indirect method of 
attacking the problem. 


Review of the literature on this topic was given in connection with the 
historical review of studies on the inheritance of smut reaction (see Appendix A). 


The formulas used in the present correlation studies are those given by 
Hayes and Garber (18, pp. 43-48). 


Correlations betweén TABLE IX 


percentage smut infec- CoRRELATION BETWEEN SMUT INFECTION F; AND CERTAIN 
tion and the grain char- MORPHOLOGICAL CHARACTERS 


acters, lemma color, awn 

development, rachilla Messhelnales! . . 
xy x 

pubescence and callus ee , 


pubescence were calcu- 
Lemma color F; —0.044 +0.067 


lated by the correlation Strength of awns F; | +0.323 40.060 | +0.010 +0.067 
ratio method. When Number of awns F; —0.312 +0.060 | —0.020 +0.067 
: — Length of rachilla 
this method indicated “hairs F, +0. 123 +0.066 “ 
significant association Nessioer of rachilla : ro 
the correlation coeffici- Length ie RE Re | REY Ee 
ent was also calculated. ee *, ‘ —0.129 +0.085 — 
* : aNumber Of Callus 
The population consisted heles fe —0. 202 +0.084 
of 102 F, families except 
when callus pubescence 
was one of the variables, in which case it was 75 F; families. A summary of 


the constants calculated is presented in Table IX. 


The correlations obtained by the correlation ratio method between per- 
centage smut infection and the characters strength of awns, number of awns 
and number of rachilla hairs are significant in the light of their respective 
probable errors. However, as some obvious defects, which. are not taken 
into account by the probable error, have been found in the method of cal- 
culation, it is, nevertheless, concluded that no significant relationships exist 
between the variables in question. 


To explain this conclusion it will be necessary to examine the reliability 
of the correlation ratio method as a measure of correlation in the present 
study. The correlation ratio is based on the assumption that if no correlation 
exists in a given surface, the mean of each row (or column) Xy will be equal to 
the mean of the entire distribution X. Therefore, Xy —-X = 0. Completing 
the computation, VS[fy(X, — X)*]/N =0. This value is the numerator 
of the fraction which equals ny. Therefore, yxy = 0. An increase in 
the association between the variables will produce a proportional increase 
in nxy by increasing the difference Xy — ¥. It will be seen that if the 
frequency of each row is not large enough to give a reliable row mean, the 
resulting value of 7 cannot be reliable. This fact is illustrated by the follow- 
ing diagram: 
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<—_ 
PERCENTAGE SMUT INFECTION F; 


G |S 1 2 3 45 SS 6b 75 35 9S 


SOMA DAM Ewe 
CO, PWR We 


INDICES OF NUMBER OF AWNS F; 


In the above surface the single individual in the top row contributes over 
two-thirds of the value to the summation =[f,(X, — X)?] and its removal 
would reduce the value of 7 to insignificance. In the present study it was 
found that it was those rows which pass through the borders of the scatter 
and which have very small frequencies that contributed most to the sum- 
mation referred to above. This error is not taken into consideration by the 
probable error as calculated, which for given values of 7 and N (population) 
remains the same regardless of the shape of the scatter. The reliability of 
the probable error as applied to the correlation ratio method is discussed by 
Fisher (7, p. 224) who states in part, ‘‘attempts have been made to test the 
significance of the correlation ratio by calculating for it a standard error, 
but such attempts overlook the fact that, even with indefinitely large samples, 
the distribution of » for zero correlation does not tend to normality unless 
the number of arrays also is increased without limit’’. 


The correlation ratio should be applied to non-linear distributions in 
which, irrespective of the total population, each row or column has a frequency 
large enough to give a reliable mean. The number of rows should be few in 
order that each may have, if possible, a large frequency. The total population, 
of course, should be as large as possible. 


It is concluded, in spite of the values of » obtained and for reasons given, 
that no genetic linkages exist between percentage smut infection and the grain 
characters, lemma color, awn development, rachilla pubescence and callus 


pubescence. 


Correlations Between Various Grain Characters 
Studies on the correlation existing between grain characters are of economic 
interest, for they indicate the possibilities of combining desirable expressions 
of these characters through hybridization. Such studies also contribute to 
genetical knowledge by disclosing the presence or absence of genetic linkages. 
The formula for the coefficient of contingency used in the present study 
is that given by Hayes and Garber (18, pp. 49-50). 


















532 CANADIAN JOURNAL OF RESEARCH 





Using the coefficient of contingency method, a significant correlation was 
shown to exist between number of rachilla hairs and number of callus hairs, 
and doubtful negative correlations are indicated between number of rachilla 
hairs and strength of awns and between number of callus hairs and strength 
of awns (see Table X). 

There cannot be much doubt regarding the existence of correlation between 
rachilla and callus pubescence. However, the presence of such correlations is 
not, necessarily, definite indication of genetic linkages. It is probable that 

: there are segregations for 


TABLE X physiological characters in the 

CORRELATION SSTWEBN THE VARIOUS GRAIN present material. A set of 
physiological factors which 

Variables G promotes a strong expression 

= of, say, rachilla hairs might 

Number of rachilla hairs F; and be expected to produce a like 
stength of rachila hair Fs, | +0.77540.088 expression of a similar char- 
_number of callus hairs F; +0.499+0.117 acter, such as callus pube- 
Mitrength of awas F, | —0.34120.105 SCence, regardless of genetic 
Number of callus hairs F; and relationships. Environmental 
strength of awns F; —0.372 40.128 factors, such as soil conditions, 


may vary in such a way as to 
produce physiological differences among the plants, which in turn might result 
in a correlation between certain characters in a given plant. 

When working with closely related characters such as awn development, 
rachilla pubescence, and callus pubescence in a hybrid population, multiple 
correlations should be calculated before drawing conclusions regarding the 
existence of genetic linkages. 


Economic Significance 


The control of oat smuts is of great economic importance because of the 
wide distribution and destructiveness of these diseases. Canadian farmers 
suffer a yearly loss of nearly seven million dollars from oat smut (17). In 
Alberta, covered smut, caused by Ustilago levis (K. and S.) Magn., is very 
common, while loose smut caused by U’stilago avenae (Pers.) Jens. is relatively 
rare (4,5). In 1930, covered smut damage in Alberta fields ranged from 0 to 
35%; absence of the disease was apparently due to proper seed treatment (5). 
In 1931 nearly one-half of the fields examined were infected to a greater or 
lesser degree by covered smut (4). 

Chemical seed treatments are usually quite efficient in controlling oat 
smuts; but, as such methods are troublesome and add to the cost of pro- 
duction, it would appear that a more desirable means of preventing smut 
infection would be the breeding and use of smut-resistant oat varieties. 

The practical objective of the investigation—the production of constant 
hybrid strains possessing the desirable agronomic characters of the one parent 
and the smut resistance of the other—has been realized. One F; family 
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was, apparently, homozygous for white, plump grains, weak awns, strong 
straw, midseason maturity and smut immunity. Forty-eight F; lines from 
this family were grown and all proved to be constant for the characters 
mentioned. These lines are probably equal to Victory in quality and equal 
to Black Mesdag in smut resistance. Each line has been bulked and will 
be increased separately and tested for yield. Several hundred plant selections 
of weak-awned, white-grained segregates were made from other smut-immune 
F; families. As the characters white grain and weak awn are recessive and 
the character smut immunity is homozygous dominant, the selections bred 
true for these characters in the F;. Many promising lines have been observed 
which will be increased for yield tests. 


Summary 


An oat cross, Black Mesdag X Victory, was studied genetically for covered 
smut reaction, lemma color, awn development and rachilla pubescence. Smut 
reaction was studied in the F; only; the other characters were studied in 
both F, and F;. Black Mesdag has black grains, strong awns, pubescent 
rachillas and is very resistant to smut infection. Victory has white grains, 
weak awns, glabrous rachillas, and is very susceptible to smut infection. In 
the smut test the caryopses were dehulled and inoculated with spores of 
Ustilago levis prior to sowing. Results of the various phases of the investiga- 
tion are as follows:— 


1. Segregation for smut reaction among F; families occurred in the ratio 
4 immune : 9 moderately resistant : 3 susceptible. Hybrid susceptibility was 
as high as 95% and corresponded with the susceptibility of the non-resistant 
parent. Immune F; lines bred true for immunity in the Fy. It is concluded 
that a two-factor difference for smut reaction exists between the parents. 
Black Mesdag possesses a dominant factor, which in a homozygous condition 
gives high resistance or immunity, and a less potent supplementary factor for 
resistance. Victory possesses the recessive allelomorphs of these factors. 


2. Segregation in the F, for lemma color occurred in the two-factor ratio 
12 black : 3 gray : 1 white. The F; data gave a good substantiation of this 
ratio. 


3. Segregation in the F, for awn development occurred in the two-factor 
ratio 12 strong (twisted, geniculate) : 3 intermediate (twisted, non-geniculate) 
: 1 weak (non-twisted, non-geniculate). The F; data did not show a close 
correspondence to the expected data owing to environmental influences. 


4. Segregation in the F; for rachilla pubescence occurred in the two-factor 
ratio 12 numerous, long hairs : 3 few, short hairs : 1 glabrous. The F; data 
gave an excellent substantiation of the F2 ratio. Some evidence of an addi- 
tional factor for pubescence was observed. 


5. No significant correlation was found between smut reaction and the 
various grain characters studied. 
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6. A moderate degree of positive association was found to exist between 
rachilla pubescence and callus pubescence. As segregation for physiological 
factors might account for this association, no definite conclusions are drawn 
regarding genetic linkages. : 

7. Homozygous strains, possessing white grains, weak awns and other 
agronomically desirable characters in combination with smut immunity, were 
selected for further testing. 
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INHERITANCE STUDIES ON OATS 


APPENDIX B 


TABULAR SUMMARY OF RESULTS OF STUDIES BY A NUMBER OF INVESTIGATORS ON THE INHERI 
1ANCE OF CERTAIN GRAIN CHARACTERS OF OATS 


Investigators 


Nilsson-Ehle, 1909- 
14. Quoted by 
Surface (39) 


Zade, 1912. Quoted 
by Love and Craig 
(21) 


Surface, 1916 (39) 


Gaines, 1917 (10) 


Zinn and Surface, 
1917 (42) 


Love and Fraser, 
1917 (22) 
Love and Craig, 1918 


(21) 


Fraser, 1919 (9) 


Lunden, 1925 (23) 


Quisenberry, 1926 
(25) 


Hayes et al, 1928 (19) 


Materials 


Avena fatua X A. 
Sativa 


A. fatua X A. sativa 


var. Kherson 


F: of 10 crosses be- 
tween 6 white 
and 3 black vari- 
eties 


F; and F; of a cross 
A, sativa var. Vic- 
tor X A. muda var. 
inermis 


A. fatua X A. sativa 
var. Sixty Day 
and other crosges 


A. fatua X A. sativa 
var. Sixty Day 


A. sterilis var. Burt 
xX A. sativa var. 
Sixty Day 


F, and F; of crosses 
between Black 
Mesdag and puri- 
fied white hybrid 
lines 


F; and F; of cross be- 
tween A. saliva 
and A. sativa 
orientalis 


Crosses between 
Black Mesdag and 
purified white hy- 
brid lines 


Lemma 
color 


48 black : 12 gray : 
3 yellow : 1 white 


12 black : 3 gray : 
yellow 


3 black : 1 white 


3 black : 1 white 


12 black : 3 gray : 
white 


48 red : 15 yellow: 
white 


3 black : 1 white 


3 black 


Awn 
development 


Much affected by en- 
vironment. Wide 
variation in pure 
lines. Negative 


correlation with 
yellow lemma 


sativa : 2 inter- 
mediate : 1 fatua* 


sativa : 2 inter- 
mediate : 1 fatua. 
Linked with 
articulation 


medium strong 
to strong : 1 weak 


awnless : 2 par- 
tially awned : 1 
fully awned 


Gene for yellow lem- 
ma color inhibits 
awns in some var- 
ieties 


awnless : 2 parti- 
ally awned : 1 ful- 
ly awned, or 3 par- 
tially awned : 1 
fully awned 


One main factor pro- 
ducing geniculate 
awns. Probably 
supplementary 
factors for very 
strong awns 


More than one gen- 
etic factor indicat- 


ed 


Several factors in- 
volved. Much in- 
fluence by envir- 
onment 


Rachilla 
pubescence 


1 sativa : 2 intermedi- 
ate: 1 fatua. Link- 
ed with articulation 


Controlled by single 
factor; F1: inter- 
mediate 


3 few hairs : 1 many 
hairs 


*The term fatua refers, with respect to awn development, to a condition similar to that found in 


A. fatua, namely, strong geniculate awns on all grains of the spikelet. 


The term sativa refers to a 


condition of awn development similar to that of the variety of A. sativa used in the cross in question. 





Investigators 


Garber and Quisen- 
berry, 1928 (14) 
Odland, 1928 (24) 


Tschermak, 1929, 
Quoted by Filorell 
(8) 


Fedorova, 1930 (6) 


Florell, 1931 (8) 


Reed, 1931 (31) 


Welsh, 1931 (41) 


Robb. 1932 (36) 
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APPENDIX B (continued) 


TABULAR SUMMARY OF RESULTS OF STUDIES BY A NUMBER OF INVESTIGATORS ON THE INHERI- 
TANCE OF CERTAIN GRAIN CHARACTERS OF OATS 


Gopher X Black 
Mesdag 


A. sativa X A. sativa 
orientalis 


A. sativa X A. fatua 


A, sativa X A. fatua 


A. fatua X A. sterilis 
ludoviciana 


A. fatua X A. by- 
santina var. Ful- 
ghum 


A. sterilis ludoviciana 
X A. sative var. 
North Finnish 


A. sterilis ludoviciana 
X A. saliva var. 
Probsteier 


A. sterilis macrocar pa 
X A sotive var. 
Richland 


F: of crosses between 
Early Gothland 
and Monarch 


Heigira strain X 
Banner 


Richland X purified 
white hybrid 
strain 


Joanette strain X 
purified white hy- 
brid strain 

Heigira strain xX 
Monarch strain 


Fs: of 6 crosses be- 
tween 4 black 
and 3 white vari- 
eties 


Lemma 
color 


3 black : 1 white 


3 black : 1 white 


9 black : 3 brown : 3 
gray : 1 yellow 


3 brown (fatua): 1 
gray-white (ludo- 
viciana ) 


3 dark : 1 light 


1 white : 2 seg. : 1 
yellow 


1 white 
yellow : 1 yellow 


12 black : 3 gray : 1 
white 


12 black : 3 white : 1 
yellow 


3 black : 1 white 


: 2 white- 


Awn 
development 


Complete linkage 
“‘wild"’ articula- 
tion and “wild” 
awn development 


1 sativa : 2 inter- 
mediate : 1 fatua. 
Linked with artic- 
ulation 


Almost complete 
linkage between 
fetue awning and 
fatua articulation. 
1-factor 

Complete linkage 
between sterilis 
awning and sterilis 
articulation. 1- 
factor 

Complete linkage 
between sterilis 
awning and sterilis 
articulation. 1- 
factor 

Complete linkage 
between sterilis 
awning and sterilis 
articulation. 1- 
factor 


3 glabrous : 1 pubes- 
cent 


1 sativa : 2 intermedi- 
ate : 1 fatua. Link- 
ed with articula 
tion 





INHERITANCE STUDIES ON OATS 
APPENDIX B—(concluded) 


TTABULAR SUMMARY OF RESULTS OF STUDIES BY A NUMBER OF INVESTIGATORS ON THE INHERI- 
TANCE OF CERTAIN GRAIN CHARACTERS OF OATS 


‘ ‘ Lemm 
Investigators Materials 7 Awe 
color development 


Robb, 1932 (36) F: of crosses between 12 black : 3 gray : 1 
2 black (incl. white 
Black Mesdag) 
and 2 white vari- 
eties 
F; of 16 crosses be- 60 black : 3 gray : 1 
tween 1 black white 
(Orion) and 9 
white varieties 





THE EFFECT OF NITROGEN NUTRITION ON THE PROTEIN 
AND NON-PROTEIN NITROGEN OF WHEAT' . 


By A. G. McCa.ia? 


Abstract 


Wheat plants ‘were grown in water cultures varied only with respect to 
nitrogen. The nitrogen as nitrate was supplied to half the plants continuously 
to maturity, and to the others only until the time of heading. Though uptake 
and reduction of nitrate continued in the former for some time after heading, 
organic nitrogen produced in vegetative parts of the plant after heading was 
not synthesized to protein but accumulated in the form of non-protein com- 
pounds. Regardless of the extent of the nitrogen reserves in vegetative parts, 
translocation to the kernels during filling took place in about the same pro- 
portion. In plants with limited nitrogen supply, translocation to kernels 
consisted largely of decomposed proteins, and the kernels contained less gluten 
nitrogen than those of the plants with unlimited nitrogen supply which drew 
upon both protein and non-protein reserves. The nitrogen fractions of the 
gluten proteins were unaffected by the nitrogen nutrition of the plants. The 
total amount of non-gluten nitrogen was apparently also unaffected by the 
nutrition. Amide nitrogen was the most labile of the nitrogen fractions used. 


Introduction 


Although it has been known for many years that the nitrogen nutrition of 
cereals affects the total nitrogen content of the grain produced, the effect on 
the distribution of various nitrogen compounds has received little attention. 
It has become increasingly recognized that total nitrogen determinations 
are entirely inadequate from a physiological point of view, and a large amount 
of work on various phases of nitrogenous metabolism has been carried out. 
To investigate the effect of nitrogen nutrition thoroughly, it is necessary to 
study the chemical development in the vegetative parts of the plants in 
relation to the chemical development of the kernels. There have been 
numerous investigations of the progressive development of kernels, but few 
in which development of vegetative parts has been related to development 
of kernels, and none at all where these features of metabolism have been 
related to nutrition. In the following discussion, no attempt is made to 
refer to all the studies which have been carried out, but a general survey of 
the problem is given. 


The progressive chemical development of wheat kernels was followed by 
Woodman and Engledow (39) who determined among other things, protein, 
non-protein, amino acid and ammonia nitrogen. They found that the protein 
nitrogen increased, and non-protein decreased, as the kernels ripened, until 


1 Manuscript received September 13, 1933. 


Contribution from the Division of Plant Nutrition, University of California, and the 
Department of Field Crops, University of Alberta, with financial assistance from the National 
Research Council of Canada. The paper constitutes part of a thesis submitied to the Division of 
Plant Nutrition, University of California, in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy. Published as Paper No. 41 of the Associate Commiitee on Grain 
Research, National Research Council of Canada. 


2 Research Assistant, Associate Committee on Grain Research, University of Alberta. 
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they had reached a dry matter content of about 60%. Amino acid nitrogen 
decreased from 16.1% to less than 1°7, and ammonia nitrogen from almost 
20% to about 5%, of the total nitrogen. 

A somewhat similar study was made by McCalla and Newton (18), who 
found that during development of the kernels, non-protein nitrogen decreased 
from 38 to 8% of the total nitrogen. Amino nitrogen was not determined, 
but the ammonia values did not agree with those obtained by Woodman and 
Engledow. The highest value obtained was 1.34% of the total nitrogen, 
and after the kernels had reached a dry matter content of 60%, this fraction 
was undemonstrable. It is believed that the small values are more nearly 
correct as few workers have found such large amounts of ammonia as those 
reported by Woodman and Engledow except in very acid plants such as 
begonia (30) and rhubarb (31). In these plants, the course of nitrogen 
metabolism is very different from that in cereals. Small amounts of ammonia 
have been found in many plants (19, 26, 27, 35), while some workers have 
failed to demonstrate its presence at all (7). 


Knowles and Watkin (16, 17) followed the progressive development of 
wheat plants and studied total (16) and protein and non-protein (17) nitrogen 
in both vegetative parts and kernels: Unfortunately these workers dried all 
their material before analyzing it so the results obtained cannot be accepted 
as representing conditions in the green plant. They found a continual increase, 
with age, in the proportion of total nitrogen which existed in the form of 
proteins in the vegetative parts. Mothes (20) has shown that as green plants 
age the proportion of protein nitrogen decreases, and (21) that when nitrogen 
supply is limited, the new growth continues at the expense of older tissues. 
As the proportion of older growth increases, the percentage total protein will 
decrease. In view of these results it must be concluded that the increases 
obtained by Knowles and Watkin were the result of drying and not of normal 
development of the plants. McCalla and Newton (18) on the other hand 
have shown that drying kernels before analysis does increase the proportion 
of protein nitrogen as compared with that of kernels analyzed when. fresh. 

One of the most significant things demonstrated by Knowles and Watkin, 
and one which would not be influenced by the methods they used was that 
at maturity a relatively enormous amount, 71.6%, of the total nitrogen in 
the whole plant had been translocated into the kernels. 


Davidson and LeClerc (6) reported the effects of nitrate fertilizers on the 
yield and protein content of wheat. They found that nitrates applied during 
the early stages of growth increased the yield but scarcely affected the protein 
content of the grain. Nitrates applied at the time of heading did not affect 
yield, but increased the protein content of grain and straw. Protein content 
in this case is more accurately described as total nitrogen content because 
the protein values given are simply total nitrogen values multiplied by a 
conversion factor. 

Gericke (8, 9) also noted that wheat fertilized at the time of heading con- 
tained more total nitrogen than did wheat fertilized in the earlier stages of 
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growth. He found (8) that some of these high nitrogen samples yielded 
flours of poorer baking quality than those obtained from wheat of the same 
variety containing less nitrogen. He suggested that the differences in quality 
might be correlated with differences in the relative proportions of: protein 
and non-protein nitrogen or of glutenin and gliadin in the wheat kernel. 
He thinks it not improbable that the samples which produced bread of poor 
quality could have contained relatively large amounts of non-protein, and 
therefore relatively small amounts of protein, nitrogen, and that the amount 
of gliadin and glutenin might be much lower in the grain that was high in 
total nitrogen as a result of late applications of nitrogen fertilizers than in 
grain low in total nitrogen. Whatever these relations may be, Gericke thinks 
that the poorness of some of the grain high in total nitrogen was due, at least 
in part, to overfeeding of the plants, but that the ill effects could be over- 
come by prolonged growth of these overfed plants. He bases the last state- 
ment on results obtained from varieties in which the maturation of high 
nitrogen samples was delayed by prolonged growth, and on the results 
obtained by other workers (39) showing that considerable time is required 
for the transformation of non-protein nitrogen compounds into proteins. 


Blish (1) studied gluten and non-gluten proteins of wheat flour and found 
a wide variation in their proportions in flours of varying protein content 
and baking characteristics. Those flours which were high in total nitrogen 
content were also high in the proportion of the total nitrogen which existed 
in the form of gluten proteins. Although this is essentially the opposite 
relation to that suggested by Gericke, it must be remembered that Blish was 
discussing flours in general while Gericke was discussing groups of samples 
of the same variety grown under varying nutritional conditions. 


glutenin 


Grewe and Bailey (12) studied the value in 17 flours of 


gliadin + glutenin 
widely varying types. They found a variation of from 0.41 to 0.49 for the 
value, or in other words, glutenin varied from 41% to 49% of the gluten 
proteins. These workers state that the differences are so small that they 
justify the conclusion that there is no substantial variation in the proportions 
of gliadin and glutenin in the flours studied. 


Recently Gericke (9) has indicated that he now considers that the quanti- 
tative distribution of the various nitrogen-containing compounds has little 
or nothing to do with determining the quality of wheat flour. He now believes 
that the quantity and nature of the inorganic salts absorbed by the plant 
during the later stages of growth play an important role in determining the 
physical properties of the gluten and starch in the wheat kernels. These 
properties in turn determine flour quality. 


The writer believed that by varying the amount of nitrogen supplied to 
wheat and following the development through the early stages of growth as 
well as during the formation and ripening of the kernels, some more definite 
information relating to the nitrogen compounds might be obtained. Two 
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parallel lots of wheat were studied. The conditions under which these lots 
were produced were similar except for the nitrogen supply. The total 
nitrogen contents were widely different. Protein and non-protein nitrogen 
were determined, and these groups were further divided into their principal 
components. The results of the various analyses are presented in this paper. 
Some of the questions raised in this section are further discussed as the 
results are considered. 


Experimental 
Material 


The material used in this study was Marquis wheat grown in water cultures 
during the summer of 1932. The seed was obtained from a single head row. 
It was soaked overnight, spread out on cheesecloth over water on May 26, 
and the seedlings set out in tanks on June 2. The tanks were each 30 by 30 
by 8 in., and the tops each held 64 corks. Each cork supported one plant. 
The composition of the Hoagland’s nutrient solution used in the tanks was 
as follows:—molar calcium nitrate, 3.9 cc.; molar potassium nitrate, 3.6 cc.; 
molar magnesium sulphate, 2.2 cc.; molar potassium dihydrogen phosphate, 
1.1 cc.; $% ferric tartrate, 1.0 cc.; water to one litre. Ferric tartrate 
was supplied every three days during the early stages of growth, and every 
second day after the plants were one month old. On June 24 the solutions 
were renewed in all tanks. On July 18 the plants began to head, and on 
July 19 the solutions were renewed in half the tanks but changed to a nitrogen- 
free solution in the others. The plants in the first three tanks had a supply 
of nitrate available until they were mature, and are hereafter designated 
“complete culture” plants.” The plants in the other tanks had a supply of 
nitrate until they began to head, but from then on had no nitrogen supply. 
These plants are hereafter designated “limited nitrogen’’ plants. 


Collection and analysis were started when the plants were 26 days old. 
Five plants were taken at each sampling. Four collections were made before 
the plants began to head, three between the time of heading and the start 
of rapid kernel formation, and five between this time and maturity. In the 
last five collections vegetative parts and kernels were analyzed separately. 


When the grain was mature, 64 plants of each lot were collected. The 
heads were counted and then threshed. The grain obtained was used in a 
number of supplementary experiments. 


Unfortunately the light and temperature conditions could not be controlled 
as rigidly as was desired. The variations in size and weight of individual 
plants were great enough to decrease the value of the actual weights of various 
nitrogen compounds, as calculated from the analyses, so that these have only 
a relative significance. It is believed that the percentage values were little 
influenced by the variations in weight. In preliminary experiments it was 
found that the age rather than the size of the plant determined the nature of 
its nitrogen distribution. 
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Methods 


None of the methods described are entirely new, but the application of 
certain of them to the study of nitrogen distribution in green plants has not, 
as far as the writer knows, been attempted before. The general scheme of 
analysis is presented in the following outline. The details of those methods 
which have been modified, tested or newly applied are described in the notes. 


GENERAL SCHEME OF ANALYSIS 


Original plant material 


1. Samples for dry matter determination: dried 48 hr. in vacuo at 98° C. 

2. Samples for total nitrogen determination: Kjeldahl method with nitrate free samples, 
reduced iron method of Pucher e¢ al (28) with nitrate-containing samples. 

3. Samples for nitrogen distribution studies: 25 to 35 gm. ground as fine as possible, 
extracted with 2.5% trichloracetic acid. Filtered. 


oA eS ee ae 


Solids containing protein N hydrolyzed in Filtrate containing non-protein N_ hydro- 
20% HCl for 24 hr. Hydrolysate filtered lyzed in 5% H.SO, for 2 hr. Nitrates 
hot and solids thoroughly washed with hot decomposed and driven off during hydroly- 
water. sis. Hydrolysate filtered and treated in the 
same way as hydrolysate from solids. 


Solids Filtrate aerated for 
(Humin N) 30 min. after addition 


of MgO milk. 


| 


} 


| | 


Ammonia Residue acidified then precipitated 

(Amide N) with phosphotungstic acid follow- 
ing recommendations of Plimmer 
and Rosedale (25). Filtered after 
40 hr. at 0°C. | 


| | 


Solids Filtrate made up to 
(Basic N) volume. Aliquots in 
Van Slyke apparatus 

(Mono amino N). 


Total nitrogen. When nitrate nitrogen is present in material to be analyzed 
by the Kjeldahl method some of the nitrate will be reduced and recovered as 
ammonia. Some workers have assumed that adding a constant amount of 
sugar to the material to be analyzed will ensure at least comparable results, 
even if the nitrate is not completely recovered (22). To test this assumption, 
samples of pure potassium nitrate were subjected to the Kjeldahl method, 
while similar samples were added to nitrate-free ground wheat kernels and 
apalyzed. 


The pure nitrate was negligibly reduced by the method, but the presence 
of the organic matter of the wheat caused marked reduction. The results 
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of the experiment are presented in Table I. The ground wheat used con- 
tained 35.8 mgm. of nitrogen. 


TABLE I 


RECOVERY OF NITRATE-N DURING KJELDAHL ANALYSES 


— N added as N recovered as | N due to reduced % of NO;s—N 
aaa KNOs, mgm. NHs, mgm. NO; —mgm. reduced 


£e 


on AM Po Ne 
one > od 
ono oof NN 
ron PO On hUOM 
ax ax oo NN 


It was apparent that when the ordinary method was used, not more than 
8 mgm. of nitrogen in the form of nitrate was reduced, and no matter how 
little nitrate was present, approximately 20% was lost during the deter- 
mination. Adding sugar to the samples to be analyzed did not bring about 
increased recovery. Thus while the addition of sugar to all samples was 
satisfactory for the purposes of the study carried out by. Newton and Brown 
(22), it would not be satisfactory in such a study as the present one if there 
were large variations in the amount of nitrate present in the material to be 
analyzed. It was found, however, that complete recovery of nitrate nitrogen, 
up to at least 50 mgm., was obtained when the reduced iron method of Pucher 
et al. (28) was used. 


Separation of Protein and Non-protein Nitrogen 


Considerable preliminary work was carried out before a satisfactory pro- 
cedure was evolved for extracting the non-protein nitrogen from the plant 
material. It was first attempted to determine non-protein nitrogen, protein 
soluble, and protein insoluble, in dilute salt solution, but this was abandoned 
because it was almost impossible to get uniform extraction without first 
killing the cells. In common practice plant cells are killed by freezing or 
narcosis, but it has been shown that these treatments may cause some changes 
in the fractional distribution of nitrogen. Either method entails extra work 
which would make impossible the regular collection and treatment of any 
large number of samples unless there was considerable technical assistance 
available. There seems to be no definite physiological roles which can be 
ascribed to different proteins in the vegetative parts of plants, if indeed we 
are justified in assuming that different proteins exist. The writer décided 
that it would be better to extract the non-protein nitrogen with a protein 
precipitating agent, and study all of the protein together. 
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The protein precipitating agent selected must be simple to use, and should 
precipitate only proteins and not the less complex nitrogen compounds. 
The reagent selected was 2.5% trichloracetic acid. Wasteneys and Borsook 
(38) found that it precipitated proteins and metaproteins from incomplete 
protein hydrolysates. Thomas (34) stated that it was not as selective as it 
was claimed to be because he found it precipitated peptones and proteoses. 
Despite these and other criticisms, it was found that Hiller and Van Slyke 
(14), who made studies of various protein precipitants, recommend the use 
of trichloracetic acid where it is desired to precipitate the proteins but retain 
in the filtrate not only amino acids but also a maximum proportion of inter- 
mediate products. 


A study of the precipitating action of trichloracetic acid was made by 
adding sufficient of the reagent to solutions of various nitrogen compounds 
to bring the final concentration to 2.5%. The amounts of alanine, glutamic 
acid, arginine, asparagine, peptone and gelatin precipitated were all 0.0%. 
Proteins extracted from barley plants with water and dilute salt solutions 
and egg albumen were all more than 99.5% precipitated, or 100% within 
the experimental error of the Kjeldahl method. The substances studied do 
not represent all of the nitrogen compounds found in green plants, but they 
probably differentiate fairly well between the compounds, active and inactive 
in translocation. This fact, together with the simple technique involved in 
the use of the reagent, seemed to justify its selection. 

The technique finally evolved for the separation of protein and non-protein 
nitrogen provided for the simultaneous extraction of soluble compounds and 
precipitation of proteins. Samples of 25 to 35 gm. of green plant material 
were ground as fine as possible in a meat chopper. The.chopper was rinsed 
with 2.5% trichloracetic acid, the ground tissue and washings being collected 
in a beaker. Sufficient 50% trichloracetic acid to compensate for the water 
in the plant material was added. The acid killed the cells rapidly. After 
standing for 20 min., as much of the liquid as possible was drained off and 
filtered. Any solids which had been transferred to the filter paper were 
returned to the beaker, and 50 cc. of 2.5% trichloracetic acid added. After 
again standing for 20 min. the liquid was drained and filtered as before. 
The extraction was carried out four times, care being taken to stir the con- 
tents of the beaker after each addition of acid. It was found that additional 
extractions did not contain non-protein nitrogen compounds. The liquid 
from the four extractions was bulked and contained all the non-protein 
nitrogen, while the protein was retained in the solid material. 

When kernels were analyzed, a 6-8 gm. sample of finely ground material 
was extracted with 2.5% trichloracetic adid. The same procedure as out- 
lined above for green tissues was followed, except that each extraction was 
followed by centrifuging before the extract was filtered. 


The protein was not extracted from the other solids but was transferred 
directly to a 300-cc. Kjeldahl flask in which hydrolysis was carried out. 
Chibnall and Schryver (3) state that separation of protein from the other 
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solid materials of green plants must be obtained if the proteins are to be 
studied in detail. Hydrolysis of protein without extraction has been carried 
out by others in studying other problems. Blish (1) hydrolyzed flours and 
studied the amide nitrogen distribution. Grindley and Slater (13) hydrolyzed 
feedstuffs and studied various nitrogen fractions. The writer realized that 
the direct hydrolysis technique is definitely limited in its value for use in 
studying metabolic relations. Since it was impossible under the limitation 
of time and assistance to carry out a more detailed study, it was thouglit 
that valuable information could be obtained by utilizing this technique. 


Hydrolysis. After the solid material had been hydrolyzed for 24 hr. i 
20% hydrochloric acid, the volume of the hydrolysate was reduced to get 
rid of some of the excess hydrochloric acid. It was found that if the reduction 
of volume was carried slightly too far, some of the nitrogen produced from 
amide groups ‘was recovered, not as ammonia, but in the basic fraction. If 
reduction was carried still further, the amount of ammonia was greater than 
it should have been, owing to splitting of amino groups from both basic and 
mono-amino acids. It was determined that the volume of the hydrolysate 
could be safely reduced to one-half the original, but that additional reduction 
was not always satisfactory. When replicate samples of wheat kernels were 
hydrolyzed and the hydrolysates evaporated down to different degrees, the 
following results were obtained. 


TABLE II 


RECOVERY OF NITROGEN FRACTIONS FROM HYDROLYSATES OF WHEAT KERNELS 


Treatment of hydrolygate 


Amide Basic Mono-amino 
N N N 


Volume not reduced ‘ 19.0 54.4 
Volume reduced to $ original ; 19.0 54.6 
Volume reduced to } original ; 23.6 54.6 
Volume reduced to remove practically all 

HCl 15.9 51.5 


With hydrolysates of washed gluten, these effects were not noticed until 
the reduction of volume had been carried much further and would probably 
never interfere with an ordinary hydrolysate. The finai increase in ammonia 
is more or less to be expected under the conditions of excessive reduction of 
volume. So far the writer has not been able to follow this subject any further. 

In the hydrolysis of the non-protein nitrogen, sulphuric acid was used in 
preference to hydrochloric acid on the recommendation of Vickery and 
Pucher (37) who found that hydrolysis with hydrochloric acid in the presence 
of nitrates gave very high amide results. 


Humin nitrogen. Humin nitrogen was taken to be the nitrogen left in the 
solids after hydrolysis. The amount of this fraction varies a great deal 
depending on the conditions under which hydrolysis is carried out. It was 
at one time thought that tryptophane was solely responsible for humin 
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formation (10, 11), but it has been shown that other amino acids, particularly 
the basic acids, contribute to the formation of this fraction (15, 29). It is 
believed (10) that absorption of ammonia by non-nitrogenous humins is not 
important in humin nitrogen formation, so the amide values would not be 
affected by variations in the amount of humin formed. Grindley and Slater 
(13) found that the amount of humin formed when feedstuffs were hydrolyzed 
was directly related to the amount of non-nitrogenous materials present in 
the feeds. 


These facts were fully appreciated in carrying out the hydrolysis of protein 
in the presence of the other solids. It was realized that the humin value would 
not be a measure of any definite nitrogen fraction occurring in the plant. If, 
however, humin was formed at the expense of the basic amino acids this 
relation should be reflected in basic nitrogen results. It was believed that 
the objections based on the humin nitrogen formation were not sufficient to 
outweigh the advantages of the general method of attack. 


Amide nitrogen. In determining amide nitrogen the method described by 
Plimmer and Rosedale (25) was followed except that magnesium oxide was 
used as the basic reagent for releasing ammonia. There have been many 
reagents recommended for this purpose, and there appeared to be no definite 
agreement as to which was the best. A survey of the literature showed that 
calcium oxide (7, 25), magnesium oxide (7, 24), a mixture of 5% sodium 
carbonate and 5% sodium chloride (33), and a phosphate buffer of pH 7.4 
(23) were apparently all satisfactory. The buffer had been recommended for 
use in sewage analysis, and while it gave excellent results with solutions of 
individual compounds, it was unsatisfactory with hydrolysates which con- 
tained appreciable amounts of acid. 

The other three reagents 

TABLE III were tested with various 

PER CENT RECOVERY AS AMMONIA OF NITROGEN IN compounds which might 

NITROGENOUS COMPOUNDS be present. in the hydro- 

lysate. The results are 
recorded in Table ITI. 

None of these reagents 
caused much splitting of 
ammonia from the com- 
pounds studied, but the 
results for magnesium oxide 
and calcium oxide were bet- 
ter than for sodium carbon- 
ate plus sodium chloride. 







Basic reagents 


5% Na,CO; 
+ 5% NaCl | MgO 





Nitrogen compounds 






Ammonium sulphate 98. 
rea 


Glutamic acid 


The use of magnesium oxide or calcium oxide has been criticized on the 
grounds that any excess of these reagents makes the subsequent manipulation 
of the residue from the amide determination difficult. Plimmer and Rosedale 
recommend the careful addition of calcium oxide to avoid large excesses. 
The writer found that the excess of magnesium oxide which did not interfere 
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with subsequent manipulation could be much greater than that of calcium 
oxide. For this reason magnesium oxide was selected for use. 


Basic nitrogen. Inthe determination of basic nitrogen the recommendations 
of Plimmer and Rosedale (25) were followed. No corrections were made for 
the solubility of the bases. 


Nitrate nitrogen. When plant material containing nitrates was hydrolyzed, 
complete recovery of the total nitrogen was never obtained. It was thought 
that if the nitrates were completely lost during hydrolysis the difference 
between the total nitrogen, as determined by the reduced iron method, and 
the recovery in the hydrolysates might be taken as an indirect but accurate 
measure of nitrate content. To check the loss of mitrates during hydrolysis 
two experiments were carried out. In the first, 20.8 mgm. of nitrogen in the 
form of potassium nitrate was added to nitrate-free extracts containing 
organic matter and hydrolysis carried out in the usual way. The extracts 
contained 89.3 mgm. of nitrogen before the addition of the nitrate. In the 
second experiment 20.8 mgm. of nitrate nitrogen was hydrolyzed in the 
presence of sucrose. The results of both experiments are presented in 


Table IV. 
TABLE IV 


Loss OF NITRATE DURING HYDROLYSIS 


Weight | Weight of | Recovery | Recovery | Nitrogen 


Sample of T.N., | NOs—N, | of T.N., | of T.N., loss, 
mgm mgm mgm: o mgm 
Experiment 1 
Extract ° 89.3 0 .0 99.7 0.3 
Extract 89.3 0 88.8 99.4 0.5 
Extract + nitrate 110.1 20.8 89.0 80.8 21.1 
Extract + nitrate 110.1 20.8 88.9 80.7 ania 
Experiment 2 
Sugar + nitrate 20.8 20.8 0.26 32 20.5 
Sugar + nitrate 20.8 20.8 0.00 0.0 20.8 


While hydrolysis was in progress, brown fumes could be distinctly seen 
escaping from the Kjeldahls in which hydrolysis was carried out. The 
experiments showed that the nitrate loss was complete. 

In a later experiment using wheat plants which contained 38.6% of their 
total nitrogen in the form of nitrates and only 7.89% as organic non-protein 
nitrogen, the nitrates were completely lost during hydrolysis with sulphuric 
acid for two hours. 

The indirect ‘‘difference’’ method of measuring nitrate nitrogen was checked 
against the direct method recommended by Vickery and Pucher (36). The 
results of both are recorded in Table V. 

As a result of the various experiments it is considered that the ‘difference’ 
method gives accurate and easily obtained values for nitrate nitrogen in 
any study where the nitrogen-containing compounds are hydrolyzed. 
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TABLE V 


NITRATE NITROGEN AS [> OF TOTAL NITROGEN IN PLANT MATERIAL 


“Difference” Direct method of 


Material Vickery and 
method Pucher 
Roots from wheat plants one month old 30.4 31.5 
Upper parts of wheat plants 6ne month old 15.0 15.6 
9.5 10.1 


Upper parts of wheat plants two months old 


Results 


The analytical results are presented in 11 tables and some of them are 
graphically depicted in nine figures. In each section, the results of analyses 
of vegetative parts are presented first and those of kernels immediately 
following. A general discussion is included in each section. 


Fresh and dry weights. The fresh and dry weights of the vegetative parts 
of the plants during development are presented in Table VI. All the plants 
were grown under identical conditions until the time of heading, so the results 
given for complete culture plants apply to both lots until this stage. 

Vegetative growth of the plants was almost complete before the nitrogen 
supply was varied. It is not surprising that the fresh and dry weights of the 
two lots were essentially the same. The variations which did occur were 
probably more the result of the sampling error than of real differences in the 
plants. 

The rapid rise in both fresh and dry weights during the early stages was 
the result of production of new growth. The later decreases in fresh weight 
were the result of loss of moisture and translocation into the kernels. The 
decreases in dry weight were due to translocation of the reserves into the 


kernels. 
TABLE VI 


FRESH AND DRY WEIGHTS OF VEGETATIVE PARTS PER PLANT 





Age Fresh weight Dry weight Dry matter content 
Date of of | |---| 
collection | plants, | Compl.,* L.N.,t Compl., L.N., Compl., LNs 
days gm. gm. gm. gm. % % 
June 20 26 0.7 _— 0.08 —_ 11.4 —_— 
30 36 4.9 -- 0.55 oa 11.2 “= 
July 11 47 13.5 — 1.76 o 13.0 -- 
21 57 24.3 _ 4.10 — 17.0 -- 
25 61 37.5 39.4 6.00 6.50 16.0 16.5 
Aug. 1 68 27.0 30.8 5.13 # 6.04 19.0 19.6 
10 77 28.9 27.3 6.46 6.00 22.5 22.0 
18 85 21.0 23.7 4.71 5.68 22.4 23.9 
25 92 23.0 20.8 5.67 5.54 24.6 26.6 
Sept. 1 99 16.3 19.3 5.36 5.92 32.9 30.7 
8 106 _ 14.4 — $.32 39.4 36.9 
15 113 7.4 9.6 4.63 4.28 62.2 44.6 
22 120 5.8 6.3 4.92 4.60 84.6 73.0 





* In some tables, ‘‘complete cullure" plants are designated ‘‘Compl.” for the sake of brevity. 
t Similarly ‘limited nitrogen” plants are designated ‘‘L.N.” 
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The percentage dry matter 
results are most clearly 
depicted in Fig. 1. The 
curves show that develop- 
ment was essentially the same 
in the two lots, although the 
limited nitrogen plants were 
slightly slower in maturing. 
The irregularitiesin the curves 
are probably the result of 
sampling errors. 

The results of kernel an- 
alyses, presented in Table 
VII, show that the weight 
of dry matter in the kernels 
per limited nitrogen plant 
was consistently higher than 
the weight of kernels per 
complete culture plant. The 
difference in weight per 1,000 
kernels was still more marked. 
The mature kernels weighed 
respectively 34.91 gm. and F = = oe 35 


29.14 gm. per thousand. Ace of Pranrs in Days 


The reasons for the differences : 
d di di 1 Fic. 1. Dry matter content of vegetative parts as 
noted are discussed in a latér related to age of plants and nitrogen nutrition. 


section of the paper. 


—_—o—- Compete Cucture Prants 


mo= O-—=- LimiteD Nitrocen * 


Drr Matrer as tor Fresu Weicut 





TABLE VII 
FRESH AND DRY WEIGHT OF KERNELS PER PLANT 


Time Fresh weight Dry weight Dry matter content 
Date of from | | | 
collection | heading,| Compl., L.N., Compl., L.N;, Compl., me 
days gm. gm. gm. gm. % % 
Aug. 18 30 4.24 4.33 1.62 1.72 38.2 39.7 
25 37 §.17 Suka 2.40 2.49 46.4 48.6 
Sept. 1 44 4.60 5.29 2.75 2.89 59.3 54.6 
8 51 3.66 4.35 , ee 2.88 79.5 66.2 
15 58 3.02 3.42 y a 2.89 89.8 84.5 


The percentage dry matter results are graphically presented in Fig. 2. The 
analyses were too few in number to yield satisfactory curves, but they show 
that the nature of kernel development was different from that of the develop- 
ment of vegetative parts. The kernels developed rapidly and regularly, and 
during development and desiccation large amounts of dry matter were trans- 
located from the vegetative reserves. At maturity the kernels of complete 
culture plants made up 36.8%, and those of limited nitrogen plants 40.3%, 
of the total dry matter of the plants. 
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Total nitrogen. The results of 
the determinations of total nitro- 
gen in vegetative parts of the 
plants are presented in Table VIII. 
The figures in columns 4 and 5 
represent the total organic nitrogen 
in the materials. These values are 
included because, after the first 
collection, all the total nitrogen 
in limited nitrogen plants was 
organic, and the varying amounts 
of nitrate in the complete culture 
plants make it difficult to compare 
the total nitrogen results of the 
two lots. The comparison of total 
organic nitrogen results gives a 
much truer picture of differences 
than that of total nitrogen values. 
This distinction will be more clearly 
seen after the presentation of the 
protein and non-protein nitrogen 
results. 
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- a a - 7 
e percentage nitrogen relations 
Time rrom Heapinc in Days pe ge nitrogen relations 


Fic. 2. Dry matter content of kernels as related may best be studied from Fig. 3. 
to time from heading and nitrogen nutrition. For the first 57 days the curves 
designated ‘complete culture 





TABLE VIII 


TOTAL NITROGEN OF VEGETATIVE PARTS OF PLANTS 







Complete culture plants 
Limited nitrogen plants* 





Total nitrogen NO;—free T.N. 


As %08 mon. per wa Mgm. per 
. plant «Wi. 


uv 

> 
Ss 

= 





5.47 ‘3 4.92 3.7 — 
5.00 27.6 4.26 23.5 — 
4.08 71.8 3.50 61.6 — 
2.91 119.3 2.63 108.0 _— 
3.00 180.0 2.72 “163.1 2.61 
2.81 144.2 2.53 129.8 2.18 
2.62 169.3 2.41 155.2 2.04 
2.44 114.9 —_ _ 1.62 
7p as 120.2 1.65 93.8 1.19 
1.82 97.6 1.36 72.9 0.89 
2.16 —_ 1.20 —_ 0.77 
2.07 95.8 0.97 44.8 0.70 
1.98 97.4 _ _ 0.65 






* Total nitrogen and nitrate-free total nitrogen the same in limited nitrogen plants. 
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plants” serve for both lots. The initial rapid growth was accompanied by 
a marked fall in percentage of total nitrogen. These results agree with those 
of other workers who found that older tissues contain lower percentages of 
nitrogen than do new parts. The proportion of older tissues increases with 
age, so a fall in percentage nitrogen is to be expected. From the time the 
plants were 57, until they were 77, days old the heads were appearing. The 
relative proportion of old to new growth was changing less rapidly during 
this time, so the curves flatten out 
to some extent. During this time, 
also, the complete culture plants 
continued to absorb and reduce —O—Toran Nrraoeen) 
nitrates, so the decrease in percent- ~-O— NO; -Free T.N. 

‘ 2 === T.N.inw LimiteD NITROGEN PLANTS 
age nitrogen was not as great as in 
the case of the limited nitrogen 
plants. When active translocation 
into the kernels began, both the 
percentage and weight of total 
nitrogen decreased rapidly. It is 
during this last stage of develop- 
ment that the inclusion of the 
nitrate in the total nitrogen values 
obscures most seriously the true 
picture of the nitrogen relations 
of the two lots of plants. 

The results of total nitrogen 
analyses of kernels, presented in 
Table IX, show a definite upward 
trend in percentage nitrogen during 
the filling and ripening of the kernels. Ase or Prawrs in Dars 
This trend was much more pro: ,Fi,3, Levit! mivge of ti 
nounced in the kernels from com- nutrition. 
plete culture plants. The results 
‘agree in general with those obtained by McCalla and Newton (18) in a much 


Comore te 
Curruae Prants 


Totat Nirrocen as % or D.M. 


TABLE IX 


‘TOTAL NITROGEN CONTENT OF KERNELS 
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Dry matter Total nitrogen as % | Weight of total nitrogen 
Time from content of dry matter per plant 
heading, © |—————— —— | 


days Compl., % | L.N., % | Compl., % 


30 
37 
44 
$1 
58 
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more extensive study, and with those obtained by Woodman and Engledow 
(39). The value 2.88% is more or less conimon for Marquis wheat grown 
under favorable conditions, but the value 4.26% is extremely high. The 
results in Table IX show that the weight of total nitrogen was greater in 
complete culture kernels at every sampling than in the corresponding 
limited nitrogen kernels. This is in contrast to the dry matter results in 
which the reverse relation held. 

It has already been mentioned in the introduction that, if it is available, 
nitrate will be absorbed and utilized by 
the plant for some time after heading. 

Rois The weights of nitrate-free total nitrogen 
per whole plant are recorded in Table 
X, and are graphically presented in 
Fig. 4. It is obvious that synthesis of 
organic nitrogen continued for some 
time after heading. The final weight 
of organic nitrogen per whole complete 
culture plant was approximately 175 
mgm., while that per whole limited 
nitrogen plant was approximately 130 
mgm. Thus about 25% of the total 
organic nitrogen in the complete culture 
plants was synthesized after the plants 
had headed.” 

Despite the relatively large difference 
in amount of organic nitrogen synthe- 
sized by the plant, translocation into the 

Ace or Prawrs inDars kernel drained the vegetative reserves 

Fic. 4. Weight of total organic nitrogen per of complete culture plants almost as 

whele plent es 9 to age and nilrogen —15letely as those of limited nitrogen 


nuiriton. 
TABLE X 
WEIGHT OF NITRATE-FREE NITROGEN PER WHOLE PLANT 


Limsreo Nitrocen anes oD 


Age of Complete culture plants Limited nitrogen plants 


plants, Veg. Kernels, Total, Veg. Kernels, 
days be 
¥ parts, mgm. ’ . parts, mgm. 
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plants. In the final collection it was found that 71.5% of the organic nitrogen 


of the former, and 73.5% of that of the latter, was in the kernels. ‘These 
results are in distinct contrast to the values 36.8% and 40.3% for the pro- 
portions of dry matter in the plants which were found in the kernels. 


Protein, non-protein and 
nitrate nitrogen. The total 
nitrogen of the plants was re- 
solved into protein, organic 
non-protein and nitrate ni- 
trogen. The results of the 
group analyses of vegetative 
parts are reported in Tables 
XI and XII. The data in 
Table XI are graphically 
presented in Figs. 5 and 6, 
and those in Table XII in 
Fig. 7. 


During the development 
of the plants from the 
early stages until trans- 


Nrrrocen as % of TN. 


related to age. 





Ace of Prants in Days 


Fic. 5. Protein, organic non-protein and nitrate nitro- 
gen in vegetative parts of complete culture plants as 


location into the kernels began, the amount of nitrate nitrogen varied from 
8.0 to 14.9% of the total nitrogen. The fluctuations were probably due to 
variations in the relative activity and efficiency of absorbing organs and 
reducing mechanism. During the last month of growth, however, nitrates 
accumulated in the leaves and stems, both percentage and weight of nitrate 
nitrogen increasing. The rise in percentage may be clearly seen in Fig. 5. 
This increase in nitrate was the result of continued absorption by the roots 
coupled with decreased, and finally discontinued, reduction in the plant 
tissues. The complete culture plants in the final collection contained in their 
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Fic. 6. Protein and organic non-protein nitrogen of 
vegetative parts as influenced by age of plants and nulrogen 
nutrition. 





vegetative parts 50.9 mgm., or 
over 50% of their total nitro- 
gen in the form of nitrates. 
This amount was greater than 
that found at any other time 
during development. 

The influence of nitrate ac- 
cumulation on the percentage 
protein and non-protein nitro- 
gen as calculated on the basis 
of total nitrogen is clearly seen 
from the curves in Fig. 5. 
When these curves are ~cOm- 
pared with those in Fig. 6 it 
is at once apparent that cal- 
culating the protein and non- 
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TABLE XI 


PROTEIN, ORGANIC NON-PROTEIN AND NITRATE NITROGEN OF VEGETATIVE 
PARTS OF PLANTS 


Complete culture plants Limited nitrogen plants 
Age ie Organic 
of Protein N non-protein N Total Non- Total 


Nitrate Protein 





plants, —————| organic N protein | organic 
days | 4. o, As % of As 7% |AS%of| Nas o - or “ N as N as 
“of | NOs- of | Na- | %of TN TN»* | oot % of 

. free . free T.N. — = Tit | Eels 

T.N. — N T.N. T.N 

26 12.2 80.2 17.8 19.8 90.0 10.0 —- — — 

36 72.0 84.6 43.1 15.4 85.1 14.9 -—= — — 

47 69.5 81.0 16.3 19.0 85.8 14.2 — — — 

57 71.5 79.0 19.0 21.0 90.5 9.5 —_ — — 
61 69.8 77.0 20.8 23.0 90.6 9.4 77.8 20.0 97.8 
68 63.4 70.5 26.5 29.5 89.9 10.1 74.9 25.4 100.3 
77 61.6 67.0 30.4 33.0 92.0 8.0 79.0 23.2 102.2 
85 52.7} 63.3 — 36.7 _ -- 80.5 20.7 101.2 
92 44.8 | 57.4 33:2 | 42:6 78.0 22.0 75.3 24.7 100.0 
99 40.5 54.0 34.5 46.0 75.0 25.0 69.9 29.9 99.8 
106 31.4 56.8 23.9 | 43.2 $5.3 44.7 oF.9 40.0 99.9 
113 29.4 | 62.7 1736: | St 46.9 $3.1 57.2 42.8 100.0 


* Total nitrogen and nitrate-free total nitrogen the same in limited nitrogen plants. 


protein nitrogen as percentages of the nitrate-free total nitrogen, rather 
than as percentages of the total nitrogen, gives the truer picture of the 
relations in complete culture plants. During the later stages of growth, 
the nitrate accumulation was greatest, so during this time the protein and 
non-protein relations of complete culture plants were in Fig. 5 most errone- 
ously depicted in comparison with those of limited nitrogen plants (Fig. 6). 


TABLE XII 


WEIGHT OF PROTEIN, ORGANIC NON-PROTEIN AND NITRATE NITROGEN IN 
VEGETATIVE PARTS PER PLANT 








4 of Protein nitrogen | Organic non-protein N Total organic N Nitrate N 
plants, |———————__ | | 
days Compl., i. Compl., L.N., Compl., L.N., Compl., 

mgm. mgm. mgm. mgm. mgm. mgm. mgm. 
26 3.0 — 0.7 _- 3.7 — 0.4 
36 19.7 _— 3.6 _ 23.6 — 4.1 
47 49.9 —_ 2.7 —_ ‘ 61.6 — 10.2 
57 85.3 — 22.7 — 108.0 — 11.3 
61 125.6 131.9 37.4 33.9 163.0 165.0 16.9 
68 91.4 98.8 38.2 33.4 131.4 131.7 14.6 
77 104.3 96.7 51,5 28.4 155.8 125.1 13.5 
85 60.6 74.1 — 19.0 -- 93.1 — 
92 53.8 49.6 39.9 16.3 93.7 65.9 26.4 
99 39.6 36.8 33.8 15.8 73.4 52.6 24.5 
106 — 24.6 —_ 16.4 == 41.0 — 
113 28.2 17.2 16.8 12.8 45.0 30.0 50.9 
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Thus although protein and non-protein results were calculated on the 
basis both of total, and of nitrate-free total, nitrogen, the former will not be 
discussed further because it is impossible to compare them with the results 
for limited nitrogen plants which contained no nitrate. The protein and non- 
protein organic nitrogen are considered to equal 100% of the nitrogen active 
in metabolism at the time the sample was collected. 

As in the previous sections, the results for complete culture plants serve 
for both lots for the first four collections. During these first 57 days the 
percentage protein nitrogen remained fairly constant at approximately 80% 
of the total organic nitrogen, but the weight increased up to 85.3 mgm. per 
plant. The weight of organic non-protein nitrogen increased to 22.7 mgm. 
Growth was regular during this time as new materials were being continually 
produced. When heading became general the production of new tissue lessened. 
The percentage protein in vegetative parts of complete culture plants de- 
creased while that in limited nitrogen plants increased. Fig. 7, however, 
shows that the weight of protein nitrogen was almost the same in the two lots 
at all stages of development, and that the organic nitrogen synthesized from 
nitrates in the complete culture plants after heading was not converted to pro- 
tein, but accumulated in the form of non-protein compounds. Between the 
time the heads began to appear and the time they began to fill, some of the non- 
protein nitrogen was utilized in 
the completion of vegetative de- 
velopment. In complete culture 
plants the continued production 
of organic non-protein nitrogen 
more than supplied the amount 
needed in the final vegetative de- 
velopment, so during this stage 
of development the percentage 
of organic non-protein nitrogen 
increased and the percentage of 
protein nitrogen consequently 
decreased. In limited nitrogen 
plants the nitrogen used in the 
final vegetative development was 
not replenished from external 
sources, so the percentage protein 
nitrogen in the whole plants 
increased, although there was 
no increase in weight of total 
nitrogen. Thus while the actual 
amount of protein in each of the 
two lots was about the same, the 


percentage in the complete culture 
Fic. 7. Weight of protein and organic non- 


plants decreased, and that in the protein nitrogen of vegetative parts as influenced 
limited nitrogen plants increased. by age of plants and nitrogen nutrition. 


Mgm. 


Wetent or NirTROGEN IN 


Ace of Prants tn Days 
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When the plants were fully headed and translocation into the kernels 
began, both the percentages and weights of protein in both lots decreased. 
The percentage non-protein nitrogen of necessity increased, but the weight 
decreased. During the development of the kernels, the protein reserves in 
vegetative parts were hydrolyzed and the degradation products utilized in 
the synthesis of proteins in the kernels. The increase in percentage non- 
protein nitrogen in vegetative parts was the result of degradation of the 
protein reserves at a faster rate than the products were translocated to the 
kernels. The final increase in percentage protein in complete culture plants 
was accompanied by a continued decrease in its weight. During the last 
10 days the degradation of protein reserves apparently slowed down to a 
greater extent than did the translocation of materials into the kernels. The 
removal of the non-protein compounds caused an increase in percentage 
protein while the total amount was still decreasing. The final rise was not 
noted in the percentage protein of limited nitrogen plants. 


Table XIII presents the results of group analyses of the kernels. Nitrate 
nitrogen was undemonstrable in the kernels at any time during development. 
All of the nitrogen was probably moved into the kernels in the form of non- 
protein compounds, but the amount of these in the kernel was low at all stages 
studied. It was previously found by McCalla and Newton (18) that non- 
protein nitrogen in forming kernels made up about 38% of the total nitrogen, 
but that as soon as rapid filling began, the non-protein nitrogen decreased 
rapidly. In the present study, the percentage non-protein nitrogen decreased 
slightly during the filling of the kernels while the weight increased slightly. 
There was little difference in percentage protein and non-protein nitrogen in 
the two lots, but the kernels from complete culture plants contained a much 
greater weight of protein than did those from limited nitrogen plants. 


The general conclusion to be drawn from the protein—non-protein results 
is that modifying the nitrogen nutrition of wheat plants affects the distribution 
of protein and non-protein nitrogen compounds in the vegetative parts, but 


TABLE XIII 


PROTEIN AND NON-PROTEIN NITROGEN OF KERNELS 


Protein Non-protein 
nitrogen nitrogen Recovery of 
Tine |——————4I7————_ OOOO OOOO total 
from As % of As weight As % of As weight nitrogen 
heading, Compl.,| L.N., total N per plant total N per plant 
days % he PEE mE scene acaneatiaini Laiiniaiinetpmmiennneian 


Compl., | L.N., | Compl., | L.N., | Compl., | L.N., | Compl., | L.N., 
% % mgm. | mgm. % 
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these effects are not carried over to the kernels. The only significant differ- 
ence in kernels resulting from the limited nitrogen supply of plants is in the 
total weight of protein produced. 


Protein and non-protein fractions. The protein and non-protein nitrogen 
compounds were hydrolyzed, and humin, amide, basic and mono-amino 
nitrogen fractions determined separately. The results of the determinations 
of protein fractions in vegetative parts are recorded in Table XIV, those of 
non-protein fractions in vegetative parts in Table XV, and those of both 
protein and non-protein fractions of kernels in Table XVI. Fig. 8 graphically 
presents some of the results recorded in Table XV, and Fig. 9 some of those 
in Table XVI. 

The discussion of these results is more or less restricted to the differences 
due to nitrogen nutrition, although some other features are incidentally 
mentioned. Some of the results will be discussed more fully in a subsequent 
paper. 

Table XIV shows that while the results of fractional analyses of proteins 
were somewhat irregular during the development of the vegetative parts, 
there were no distinct differences in the results of the analyses of the two lots 
of plants. Apparently the variation in nitrogen supply did not affect the dis- 
tribution of fractions in the proteins formed. This is not at all surprising since 
it has already been shown that the variation in nitrogen supply did not affect 


the total amount of protein. During the development of the vegetative parts 


TABLE XIV 
FRACTIONAL ANALYSES OF PROTEIN IN VEGETATIVE PARTS OF PLANTS 
* 
Age of Humin N Amide N i Mono-amino N Recovery 


plants, 
days 
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of both lots of plants, the percentage humin nitrogen increased irregularly. 
This is related, as indicated in the section on methods, to the gradually 
increasing proportions of non-nitrogenous material shown by the decreasing 
values for percentage total nitrogen. The increase in humin was accompanied 
by an irregular decrease in basic nitrogen, which lends support to the belief 
that it is at the expense of the basic amino acids that the humin is formed. 
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TABLE XV 


FRACTIONAL ANALYSES OF NON-PROTEIN NITROGEN IN VEGETATIVE PARTS OF PLANTS 


Age of 
plants, 
days 
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The results in Table XV show that varying the nitrogen supply did not 
affect the distribution of basic and mono-amino fractions of the non-protein 


—O— Conmere Cuctuse Plants 
—O--Limiteo Nivaccen ~ 


Ace of Pranrs in Days 


nitrogen, but did affect the distribu- 
tion of humin and amide fractions. 
During the time after heading when 
the amount of non-protein nitrogen 
was much greater in complete culture, 
than in limited nitrogen, plants, the 
humin fraction was lower in the hydro- 
lysate from the non-protein nitrogen 
of the former than in that from the 
latter. Since there was a smaller pro- 
portion of non-nitrogenous materials 
in the extract from complete culture 
plants, the percentage humin would 
be expected to be lower than in the 
non-protein nitrogen of limited nitrogen 
plants. The amide was influenced to 
a greater extent than any other fraction 
by the nutritional treatment (Fig. 8). 
At all times after the supply of nitrate 
was withdrawn from the tanks in which 


Fic. 8. Amide and humin fractions of non- the limited nitrogen plants were grown, 
protein nitrogen of vegetative parts as influenced the percentage amide in the non-protein 


by age of plants and nitrogen nutrition. 


nitrogen of these plants was lower than 


that in complete culture plants. Apparently the reduced nitrate in the latter 

was more readily converted to amide than to any other nitrogen fraction. 
No mention has been made of ammonia nitrogen in the tables or discussion. 

Many workers in the field of nitrogen metabolism have believed that reduced 
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nitrates first make their presence felt in increased ammonia nitrogen content, 


but usually the amounts of ammonia reported have been very small (26). 
It has already been pointed out that some investigators have been unable to 


demonstrate the presence of ammonia in green plants. 


In the present study 


it was impossible to detect ammonia at any stage of the plant’s development 


except during the first few days of kernel development. 


Even during this time 


the amounts were so small that they have been neglected in this discussion. 


The results of the frac- 
tional analyses of the 
protein in kernels are most 
easily visualized from 
Fig. 9. The humin nitro- 
gen of both lots decreased 
as the percentage total 
nitrogen increased, but 
the only distinct differ- 
ences in response to nutri- 
tional treatment were in 
the amide and mono- 
amino fractions. As in 
the results for vegetative 
parts, so in the kernel 
protein results, the amide 
nitrogen was higher in 
complete culture than in 
limited nitrogen plants at 
all collections. The amide 
of the protein in both 
lots showed a fairly 
regular increase as the 
kernels developed. This 
was probably owing to 
gradually increasing pro- 
portions of the gluten 
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Fic. 9. Fractions of protein nitrogen of kernels as 
influenced by age of plants and nitrogen nutrition. 


proteins. Blish (1) found that the higher the proportion of gluten protein 
the higher the amide content of the mixed proteins of flour. This probably 
explains why the protein in complete culture kernels was at all times higher 
in its amide content than that in limited nitrogen kernels, as it is shown in the 
next section that the latter contained a smaller proportion of gluten proteins 


than the former. 


There was a very striking relation between the amide and mono-amino 


fractions of the protein in limited nitrogen kernels. The irregularities of 
amide values were compensated for by irregularities, in the opposite direction, 
of mono-amino values. Just why these irregularities should have occurred is 


not clear. 
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TABLE XVI - 


FRACTIONAL ANALYSES OF NITROGEN IN KERNELS 


Time Dry matter Humin N Amide N 

from 

heading, | Compl., | L.N., | Compl., | L.N., | Compl.,| L.N., | Compl., | L.N., | Compl., | L.N., | Compl., 
days % % % % % % % % % % % 


Protein fractions 


30 38.2 
37 46.4 
44 59.3 
51 

58 89.8 


Non-protein fractions 


13.3 8 ° 38.0 41.1 
15.6 . ° 41.0} 44.8 
16.4 . . 36.8 35.8 
14.2 ° . 36.6 20.8 
17.0 . ‘ 32.1 19.5 


The results of the fractional analyses of non-protein compounds cannot be 
considered important. The amounts of non-protein nitrogen were so small 
that the basic and mono-amino results cannot be considered at all accurate. 
The amide results agree with the others discussed, in that the values for amide 
in limited nitrogen plants were always lower than corresponding values for 


amide in complete culture plants. 


Supplementary results. When the wheat was fully mature 64 plants of each 
lot were collected from tanks which had not been sampled during the growing 
period. These plants were in every way comparable to those of the final 
collection of the main series except that the latter were collected from a tank 
from which most of the other plants had been removed in the course of previous 
collections. The supply of nitrate to the last collection of main series plants 
was probably greater than that to the plants collected from the full tank, 
and this, in turn, probably accounts for the lower total nitrogen content in 
the kernels from the latter. The data on yield, weight per thousand kernels, 
etc., of the 64 plants are presented in Table XVII. 


TABLE XVII 
YIELD, WEIGHT AND GRADE OF MATURE KERNELS 
eight of dry * Number of 
y matter kernels 
From 64 | Per 1,000} From 
plants, | kernels, 64 Per head 
gm. gm. plants 
Complete culture 3° 173.7 29.14 5,960 
Limited nitrogen 1 Hard 182.3 34.91 5,290 
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The formation of heads was obviously complete before the limited nitrogen 
plants were transferred from the complete culture solution. Vhe number of 
kernels per head was greater in the complete culture plants, but the total 
yield was lower than that of the limited culture plants, owing to the difference 
in weight per 1,000 kernels. These differences in total yield and weight per 
1,000 kernels were not sufficient to compensate for the high total nitrogen 
content of the complete culture kernels, and these gave the higher yield of 
total nitrogen and also contained more nitrogen per 1,000 kernels (Table 
XVIII). 

TABLE XVIII 


TOTAL NITROGEN CONTENT OF MATURE KERNELS 


Total | Weight per 1,000 kernels} Weight per 64 plants 
nitrogen § |—————— —-——— | - ——- ——.- — — —- --—_- -- 
content, | Dry matter, | Nitrogen, | Dry matter, | Nitrogen, 

% gm. gm. gm. gm. 


Sample 


ne 2 oes 
Complete culture 3.74 29.14 1.090 173.7 | 
Limited nitrogen 2.90 34.91 1.012 182.3 | 5.29 


6.10 


The high total nitrogen content of the complete culture kernels was accom- 
panied by shrivelling to such an extent that, while the limited nitrogen kernels 
graded No. 1 hard, they graded No. 3 Northern. The shrivelling must have 
been the result of translocation of materials in insufficient quantities to 
completely fill the seed coat developed. It will be recalled that, while the 
kernels of limited nitrogen plants made up 40.3% of the total dry matter, 
those of complete culture plants made up but 36.8%. It seems reasonable 
to assume that the deficiency in translocation was related to the relatively 
Jarge amounts of non-protein nitrogen elaborated in the vegetative parts of 
the plants after the limited nitrogen plants had been removed from the 
complete solution. If these non-protein compounds were produced, as seems 
likely, from a combination of reduced nitrate with soluble carbohydrates, it 
seems quite probable that the amount of these soluble carbohydrates avail- 
able for direct translocation into the developing kernels would be seriously 
reduced. Sugar determinations made about three weeks after the time of 
heading showed that the vegetative parts of the limited nitrogen plants 
contained more than twice as much sugar as did those of the complete culture 
plants. It seems almost certain that the wheat plants in both lots synthe- 
sized carbohydrates to a very small extent after the heads were fully formed, 
so the soluble carbohydrates needed to produce the extra non-protein nitro- 
gen must have come from the supply which would normally have been trans- 
located to the kernels. This is essentially in agreement with Gericke’s belief 
(8) that the ill-effects of overfeeding on wheat may be overcome by prolonged 
growth. Probably under the conditions of prolonged growth, carbohydrates 
would be produced until a much later stage of development than was the 
case in this study. 
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The distribution of protein and non-protein nitrogen and the fractions of 
these groups was essentially the same as in the final collection of the main 
series, so there is nothing to be gained from including the detailed. results. 


It was stated in the discussion of amide results that the limited ‘nitrogen 
kernels contained a smaller proportion of their total nitrogen in the form of 
gluten proteins than did the complete culture kernels. Samples (25 gm.) of 
finely ground kernels were used in the ordinary washed gluten determination. 
During the washing, all soluble compounds and most of the bran particles 
were washed from the gluten along with the starch. Small samples of the 
gluten were used for the determination of total nitrogen. The remainder of 
the gluten was cut into small pieces, placed in a 100-cc. centrifuge tube and 
shaken mechanically with 70% alcohol for half an hour. The contents of the 
tube were centrifuged, and the supernatant liquid poured off. Other portions 
of alcohol were added and the extraction repeated a sufficient number of 
times to remove the soluble protein. Dilute sodium hydroxide was then 
added to the protein remaining in the tube, most of which was taken up by 
the alkali. The solids left were found to be bran particles and were dis- 
carded. 


Aliquots of the alcohol and alkali extracts were taken for total nitrogen 
determinations. The relations between the various nitrogen groups studied 
are given in Tables XIX and XX. 


TABLE XIX 
NON-GLUTEN NITROGEN IN MATURE KERNELS 


manne Total non-gluten nitrogen 
protein } fe 
Sample as % of As % of As % of 
TON. T.N. dry matter 
Complete culture kernels : 20.5 0.77 


Limited nitrogen kernels ‘ 25.5 0.74 


TABLE XX 
GLUTEN NITROGEN IN MATURE KERNELS 
: Alcohol Alkali Total 
Weight | soluble gluten soluble gluten gluten N 


of wet 
gluten, As % 


as | fom 
gm. gluten gluten 
TN. | N | TN. | N 


T.N. | matter 


Complete culture kernels | 22.2 40.6 $1.1 79.5 2.97 
Limited nitrogen kernels | 14.7 | 38.1 51.1 74.5 2.16 
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When the gluten samples were washed it was impossible to tell the two 
apart. The color and texture were of high quality. The difference in weight 
of gluten reflected the difference in total nitrogen content of the wheat. 

The non-gluten nitrogen of complete culture kernels expressed as a per- 
centage of the total nitrogen was 5% lower than that of limited nitrogen 
kernels. When expressed as percentages of the dry matter there was little 
difference in the two lots. When these results are compared with those for 
gluten nitrogen it is at once apparent that the effect of the large supply of 
nitrogen to the complete culture plants was on the quantity of gluten nitrogen 
and not on that of the non-gluten. It would appear that the amount of nitro- 
gen in what may be called the structural parts of the kernel is much more 
independent of the nitrogen nutrition of the wheat plant than is the amount 
in the endosperm. 

Despite the fact that the amount of gluten nitrogen was influenced by the 
nitrogen nutrition, the proportion of alcohol-soluble to alkali-soluble gluten 
nitrogen was the same for both lots of kernels. The value 0.49 for the ratio 
of alkali-soluble protein to the alcohol-soluble protein plus the alkali-soluble 
protein was the same as that obtained by Grewe and Bailey (12) for several 
of the hard red spring wheat samples they studied. These workers found values 
as low as 0.41, however, for some of the samples tested, and the writer found 
that the value for a sample of Little Club wheat was 0.38. Thus, while the 
nutritional variation did not affect the distribution of the proteins of the two 
samples examined in this study, other factors, such as variety or type, did. 

It is fully realized that the method used in separating the components of 
the gluten is empirical in nature. As Sandstedt and Blish (32) point out 
in their summary of our knowledge of these proteins, the amount of protein 
extracted by the alcohol depends on so many factors that it is difficult to 
standardize any such technique as has been employed in the present study. 
It has become more and more apparent during the last few years that the 
so-called gliadin and glutenin are not definite individual proteins, com- 
binations of which make up the gluten. If, however, the proportions of the 
proteins making up the gluten, as determined by extraction under identical 
conditions, are exactly the same, as they were in this case, then it seems 
reasonable to assume that the two samples of gluten were the same. 

Additional evidence for this belief is found in the results of the fractional 
analyses of the alcohol and alkali soluble gluten, presented in Table XXI. 


TABLE XXI 
FRACTIONAL ANALYSES OF GLUTEN PROTEINS 


Alcohol soluble Alkali soluble 
Compl.,% | L.N., % 


Fraction 


Filtrate from basic 
Recovery 
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These results do not agree very well with-those for prepared gliadin and 
glutenin samples (4, 5), but it must be remembered that the whole of the 
gluten, and not just fractions of it, was analyzed. Cook (4) gives results 
showing that successive fractions of gluten proteins, precipitated from a urea 
dispersion with increasing concentrations of magnesium sulphate, contained 
amounts of arginine which indicated that they were made up of mixtures 
of gliadin and glutenin, the proportion of glutenin decreasing, and that of 
gliadin increasing, as the concentration of magnesium sulphate increased. 
Sandstedt and Blish (32) believe that the protein system of gluten is much 
more complex than has been believed and that the properties of the fractions 
going from the most, to the least, soluble show gradual changes. 

If there was any marked difference between the gluten proteins of complete 
culture and limited nitrogen kernels, there should have been differences in the 
fractional analyses. Any differences which do occur are too small to be sig- 
nificant. The results for amide content of the alkali soluble protein are very 
low, but this has been shown to be due to the effect of alkali on the protein. 
Blish and Sandstedt (2) found that even short exposure to alkali reduced the 
amide content of glutenin in direct proportion to the strength of the alkali. 
The results show, however, that the effect was the same on both lots of 


protein. 


Discussion 


The results reported in this paper are concerned with the effects of varying 
nitrogen nutrition on one variety of wheat. They are therefore limited in 
scope, and general conclusions cannot be too freely drawn. There was in- 
sufficient material to carry out milling and baking tests so the final measure 
of quality, as usually determined, could not be made. 

There was a distinct difference in the quantitative distribution of non- 
protein nitrogen compounds in the vegetative parts of the plants studied. 
This difference in quantity of non-protein nitrogen was reflected in the total 
nitrogen content of the kernels produced by the plants. In the kernels from 
the plants whose supply of nitrogen was limited the total nitrogen content 
was 2.90%, while in the kernels from plants whose supply was unlimited it 
was 3.74%. The excess total nitrogen in the latter kernels was all in the form 
of gluten nitrogen, the non-gluten nitrogen being unaffected by the nutrition 
of the plants. 

There were differences in the percentage composition of the two lots of 
kernels due to the difference in amounts of gluten, but there were no differences 
in the chemical composition of the gluten proteins. There were no differences 
in the physical nature of the glutens in so far as it was possible to tell from the 
studies made. 

It seems safe to say, therefore, that in such ways as it has been possible to 
measure quality, there was no essential difference between the two lots of 
kernels except that which might result from a difference in the quantity of 
gluten. Differences do occur in the quality of the grain from various samples 
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of the same variety of wheat grown under varying field conditions. From the 
results of this study, these differences appear to be due to some factor or 
factors other than nitrogen nutrition. Gericke’s recent work (9) tends to 
support the conclusion of some cereal chemists that the differences depend 
upon factors affecting the physical state of the gluten, but it is by no means 
proved that other differences may not be important. 

A study of the chemical composition of wheat samples grown in water 
cultures varied with respect to elements other than nitrogen is now under 
way. It is hoped that this study will yield some definite results on the 
relation of chemical and physical differences in grain to the nutritional treat- 
ment. 
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A FURTHER NOTE ON CATALASE ACTIVITY AS A MEASURE 
OF SEED VIABILITY’! 


By C. W. LeGGatTtT? 


Abstract 


Application of statistical methods to the results of an investigation previously 
published has shown that viability, in the case of common wheat, may be esti- 
mated fairly closely from a determination of total and thermostable catalase; 
a determination which may be completed within the course of a few hours as 
compared with the regular germination test requiring 12 days. Much work is 
yet required, however, to put this method on a practical routine basis. 


It is believed that some further light is thrown upon the biochemistry of 
ripening in the wheat kernel. 


In 1929 the present writer published a paper (1) reporting the results of a 
study to ascertain the relation, if any, between catalase activity and viability, 
using wheat seed of known history as material. It was shown that catalase 
is present in two conditions, thermostable and thermolabile—that there was 
a relation between the ratio thermostable: total catalase and the viability 
but that this relation was markedly affected by the amount of total catalase 
present, which in turn appeared to vary directly with the immaturity of the 
sample. The following statement was made under ‘‘Discussion”’ (1, p. 108) :-— 

“This method appears to be capable of being developed into a useful 
accessory to the germination test, but a considerable amount of further 
study is required....... 

“Relative degrees of immaturity of the seed introduce a complication 
which may require the introduction of a correction factor in order that all 
samples may be compared on an equal basis.”’ 


At the time that this was written, the writer had no knowledge of the theory 
of partial correlation. Recently, while looking over the paper in another 
connection, it occurred to him that the data reported in Table 13, page 108 
(and reproduced here as Table I), might repay examination by this method. 


This examination has given the following results :— 


Correlations of zero order: 


Tor = +.85 Tec = +.01 Tro = —.41 
Partial correlations of first order: | 
Tonc = +.94 = Tecr = +.75 Treg = —.79 


Where G = germination, R = catalase ratio, C = total catalase. 
(Value of r necessary for 5% level of significance = 0.58.) 


These correlations of the first order are distinctly high. 


1 Original manuscript received August 28, 1933. Pe ; 
Contribution from the Laboratories of the Seed Branch, Dominion Department of Agri- 
culture, Toronto, Ontario, Canada. 


2 Supervising Analyst, Dominion Seed Branch, Toronto, Ontario. 











| 








572 CANADIAN JOURNAL OF RESEARCH 


TABLE I 






SAMPLES SHOWING RELATIVELY HIGH AND LOW CATALASE RATIOS, TABULATED 
SEPARATELY 









sic diana ania aaah Taian 
Germi- | oo Total | ° : | Germi- | 


Ratio Total 
nation | ~~ catalase || ~ } mation | catalase 
| | | | 





Sample 














Samples showing low catalase ratios 





Samples showing high catalase ratios | 
$$$ ____—__—_—_—| 





.O1 | D-16-20* 8 32.4 8.01 


D-16-20* 8 2.4 24 | 8 

65-1997 22 | 39.6 6.62 |) D-11-21 | 34 37.2 14.98 
B-11-21 36 43.1 | 5.75 | C-11-21 65 | 40.8 | 10.94 
65~-6756B 73 49.3 | 6.80 || C-12-21 71 43.5 | 10.55 
65-6756A 77 = 51.7 | 7.56 D-7-20 97 44.9 | 14.51 
65-6501 80 53.9 | 6.21 || 

65-6883 87 54.3 | 8.20 

1 95 | 1 | 7.78 | 

A-16-20 100 | S 5.83 | 


3.0 | 


* Sample D-16-20 has here been lisied twice, since il appeared to occupy a position intermediate 
between the two groups. The values, of course, have only been taken once in the calculations. 





It appears that for a given amount of total catalase, there is a high positive 
correlation between germination and the catalase ratio; for a given catalase 
ratio there is a fairly high positive correlation between germination and total 
catalase; while for any given percentage of germination high catalase ratios 
tend to be associated with low amounts of total catalase and vice versa. 













The fact that immaturity is accompanied by high total catalase content 
which, in turn, is associated with low catalase ratios, would indicate that 
immature seeds have a greater proportion of thermolabile catalase. 










The following picture is tentatively suggested. During the ripening of the 
seed, the thermolabile catalase (Loew’s 8 catalase? (2) ) becomes condensed 
to the thermostable condition. Since the proportion of thermostable catalase 
to total catalase decreases with decreasing viability we may depict, as one 
of the processes accompanying loss of viability, either a gradual reconversion 
of the thermostable catalase into the thermolabile condition or a destruction 
of the thermostable catalase directly or a combination of both processes. 









The regression equation expressing germination in terms of the catalase 
ratio and total catalase derived from the statistics reported above is:— 


G = 4.38 R+ 4.21 C—172.5 + 410.2 
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In Table II the germination figures predicted by the use of this equation 
and the observed values are given. 


TABLE II 


GERMINATION OF SAMPLES OF WHEAT USED IN THIS STUDY. 
PREDICTED AND OBSERVED VALUES 


Germination Germination 
Sample - —_— — Sample — ————_ _—__—— 
Predicted | Observed Predicted Observed 


1-16-20 
65-1997 
D-1f-21 
B-11-21 
C-11-21 
C-12-21 
65-6756B 


| 5-6756£ 85. 
a : 89 '8 
99. 

88. 

85. 

84. 


The agreement is quite good for so small a number of observations, all 
values falling within a range of twice the standard error of estimate (+ 10.2). 
It should be remembered in this connection that in any case the standard 
deviation of a germination test, where only two replicates of 100 seeds each . 
are used, is high. It is probable that with a larger number of observations 


and more replications in the germination tests closer agreement would have 
been obtained. 


References 
1. Leccatt, C. W. Catalase activity as a measure of seed viability. Sci. Agr. 10 : 73-110. 
1929-1930. 


2. Lorw, O. Catalase, a new enzyme of general occurrence, with special reference to the 
tobacco plant. U.S. Dept. Agr. Report 68. 1901. 
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CYCLIC COMPOUNDS CONTAINING A CARBONYL GROUP; A 
MECHANISM FOR THE FORMATION OF PYRYLLIUM 
SALTS FROM 1,5-DIKETONES! ‘ 


By C. F. H. ALLEN? AND H. R. SALLANs?® 


Abstract 


In the presénce of alkali, cyclohexanone and its homologues add to chalcones 
to form either semicyclic diketones or dicyclic keto-alcohols; the latter contain 
a carbonyl bridge, and the former can be converted into closed ring structures 
and dehydrated to form substances having a carbonyl bridge. In these dicyclic 
ketones the bridge is not removed by heating, in contrast to the behavior of 
certain other compounds having a similar ring system. 


A second mode of ring closure gives rise to pyryllium salts; the isolation of a 
methyl ether has made it possible to devise a plausible mechanism for this 
hitherto obscure reaction. Four varieties of salts are described, the perchlorates 
being obtained by a different procedure than that previously employed. 


In continuation of the work on cyclic compounds containing a carbonyl 
bridge (1, 3), a type first described by Stobbe has been investigated. This 
author added cyclopentanone (16, 17) and the substituted cyclohexanones, 
menthone (18) and 3-methylcyclohexanone (16, 17), to benzalacetophenone, 
obtaining semicyclic compounds like (I), except in the case of menthone, 
for which two possible bicyclic structures were written. As will be shown 
later structure (II) is to be preferred. 

OH 


CsHs;CH—CH;—COCG.Hs CiH,CH—CH,—CGH, CsHsCH—CH:—COCoHs 
CH—CO—CH,; H—CO—C(i—C;H:) CH—CO— CH, 
bn H: CH.CH—CH,—CH, H;—CH:—CH; 
(I) (11) (111) 


Some of this work has been repeated and the series extended by the use of 
other ketones. 

Cyclohexanone adds more easily to benzalacetophenone than any of the 
other cyclic ketones. Since the product forms a dioxime and adds two 
molecules of Grignard reagent without evolution of gas it is an open-chain 
1,5-diketone (III). 

The addition product is not noticeably affected by the dehydrating agents 
used by Stobbe to form bicyclic ketones. Concentrated sulphuric acid readily 
sulphonates it, but a very small amount of oil can be obtained that on vacuum 
distillation yields two dehydration products containing but one carbonyl 
group. By analogy they are the stereoisomeric ketones (IV); only one was 
obtained in a sufficient quantity to study. It formed a monoxime, and in 
the Grignard machine added one molecule of methyl magnesium iodide; on 

1 Manuscript received September 5, 1933. . a 
Contribution from the Department of Chemistry, McGill University, Montreal, Canada. 
2 Assistant nr of Chemistry, McGill Untversity. 


3 Graduate st , McGill University, and during one year holder of a studentship under 
the National Research Council of Canada. 
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hydrolysis of the complex a tertiary alcohol (V) was formed. This evolved 
gas when treated with methyl magnesium iodide and was regenerated on 


ee CsHs;CH—CH:——CC,Hs 
I 
CH—CO—C CH; OH 


| | 
CH;—CH:—CH; crc 
(IV) bu,—cn,-—tu, 
(V) 


decomposition of this magnesium complex by acids. Neither one decolorized 
bromine nor reduced permanganate. 

These bicyclic ketones having a carbonyl bridge are stable on heating; 
they can be distilled in vacuo without loss, and there is no evolution of gas 
when they are heated far above their melting points at ordinary pressure. 
This is noteworthy in view of the ease with which carbon monoxide is lost 
when there is an endo CO bridge in a six-membered bicyclic ring (3). Sub- 
stance (I) would give a derivative of cycloheptane and the others, cyclo- 
octane; from a study of mechanical models it can be seen that both of these 
types with the bridge are under no strain. 

A third substance (m.p. 171° C.) was frequently isolated in small amounts 
from the action of sulphuric acid on the addition product, as well as by the 
use of any mineral acid in dry methyl alcohol. It was eventually found that 
it could be prepared almost quantitatively by the use of alcoholic sulphuric 
acid. This substance does not give an oxime, semicarbazone or benzoate. 
In the Grignard machine it neither combines with the reagent nor evolves 
gas; therefore both carbonyl groups are involved in its formation. By the 
Zeisel method it shows the presence of a methoxyl group; it does not reduce 
permanganate nor decolorize bromine. Taking this evidence into account, the 
substance is best represented as the methyl] ether (VI); it is really a hemiacetal 
formed by methylation of the cyclic isomeric form of the diketone (III). By 
inspection of the formulas it is seen that cyclicization can occur in two ways: 

OH O oO 
C.H,CH——CH, CGH, CH,CH—CH,—-C_CHi, CiH.CH—CH,—-C—C\H, 
| O | OH | 
! <— | ~— CH—CO—CH; 
Cc C=—=C——-CH; | 
bu—cu—cH,—CH, du,—cH,—CH, CH:—CH;—CH; 
(IX) (VIII) (III) 


OCH; OH 
C.H,CH_—CH,_——caHt CsHs;CH—CH;—CCGoH;s C.H.CH—CH,—C—CyHy 
I 
CH—CO—C <— H—CO— CH 


b+iy—CH,—CH,—CH, (IV) (VII) 
(VI) 
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Direct addition of the active hydrogen of the CH: group gives an intermediate 
of type (VII), like the menthone addition product (I1); since this still has an 
alpha hydrogen it loses water to form the ketones (IV). But if enolization 
occurs first (VIII) then an alternative mode of addition is possible (IX), 
and the OH is then acidic enough to form the ether. In agreement with this, 
the latter is formed from the diketone under conditions used for acetal 
formation, e.g., by the use of anhydrous copper sulphate in dry methyl 
alcohol. It is very sensitive to acids, being rapidly ,hydrolyzed to the di- 
ketone. 

A characteristic reaction of 1,5-diketones is the formation of pyryllium 
salts on treatment with anhydrous ferric chloride in acetic anhydride. Since 
the diketones must have a hydrogen in the alpha position to each carbonyl 
group this suggests the possibility of a connection between cyclicization and 
enolization. No satisfactory mechanism has yet been proposed—the equation 
is usually written 
RC=C 


RCHCHRCOR Ac,O 


R 

: Bs al ~*~ 
| + FeCl; + HC] —> {RC 

RCHCOR Fi ff 

{ RC=CR 


} 
0} FeCl, + 2H + H;0. 
) 


Both the addition product (III) and the methyl ether (VI) react with ferric 
chloride and acetic anhydride to form the same ferrichloride. This suggests 
that the mechanism is by way of an intermediate cyclic compound like (IX); 
by loss of water and oxidation of the remaining hydrogen (possibly to OH, 
followed by salt formation as in the case of the triphenylmethane dyes) the 
pyryllium compound is formed. The formation of the methyl ether (VI) 


III, VI—~>IX 


(XI) 


may be taken as evidence in favor of the first step since it shows that such a 
bicyclic system is possible; whether dehydration or oxidation occurs next is 
a matter of uncertainty, but the last step is obviously formation of the salt, 

As structures for the salt, either type (X) or (XI) may be considered. The 
authors prefer (X) for these reasons: (1) in a recent series of papers (8) 
Dilthey has presented very convincing evidence that in a considerable number 
of pyryllium salts such a system of linkages exists. As an alternative the 
double bond might be between atoms 3 and 4, and the carbonium atom be 
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number 2, but it is obviously impossible to locate an electric charge with any 
deerce of certainty. (2) Johnsen (9) has examined the absorptien spectra 
of a number ot substances having quinoid-like and benzoid-like nuclei, and 
found that the bands of the pyrones, their acid salts, and N-methy! lutidone 
are ail similar, but radically different from those of completely conjugated 
systems such as benzene, toluene, and 4-methoxylutidine. 

In order to have more than one kind of salt, other reagents have been 
employed in this work. It was found that the ferrichloride could be easily 
changed into a crystalline perchlorate; the latter was more conveniently 
obtained directly from the diketone, the perchloric acid acting as an oxidizing 
agent. Thus anew method for preparing this type of perchlorates is provided; 
it was extended to include benzaldiacetophenone and certain homologues, 
as described in the experimental part. It was also found that stannic and 
antimonic chlorides could replace ferric chloride, and yield nicely crystalline 
salts. These are double salts; like ferric chloride, the antimony compound 
is formed by the addition of one molecule of antimony pentachloride to the 
chloride of the cyclic derivative, but the tin compound is an addition product 
of an acetate. Thus the general formulas may be written R.FeCh, R.SbCle, 
R(OCOCHs)SnC|,. The R is the same in each salt, as it is possible to convert 
one into another. 

The diketone and hydroxylamine hydrochloride or the dioxime with hydro- 
gen chloride gives an oily tetrahydroquinoline derivative (XII) that was 

CcHs isolated as a picrate; the formation of substituted pyri- 
dines under these conditions is a characteristic property 


| 
re a of 1,5-diketones—indeed, it is probable, as Hollins points 


CHe . CH out (10, p. 213), that when a supposed 1 ,5-diketone does not 
én, C dca give a pyridine it is the isomericcyclic hydroxy compound. 
cae Mo A careful study of a number of these has been made by 
Cm NA Rabe (13, 14, 15). In this work the same has been found 


(ee) true of the formation of pyryllium salts. 


The structure of the menthone addition product was left undetermined by 
Stobbe, but since it gave only a monoxime he represented it as a cyclic sub- 
stance. This has been confirmed by its behavior in the Grignard machine; 
it consumes two moles of reagent and evolves one mole of gas. Since it can- 
not be dehydrated without complete decomposition, being recovered un- 
changed after treatment with all except the most drastic reagents it is best 
represented as (II). If it had the only possible isomeric structure there would 
be a hydrogen on the carbon alpha to the carbonyl! group (where C,H; now is) 
and adjacent to the hydroxyl so that water would be easily removable. It 
does not give a pyryllium salt with ferric chloride and acetic anhydride. 

CsHsCHCH,COC HH; The formation of a monoxime is not conclusive evidence 
of the presence of only one carbonyl group in these semi- 
evclic compounds. The diketone (XIII) formed by ad- 

dition of anthrone to benzalacetophenone (12) also gave 

only a monoxime, but in the Grignard machine it con- 

sumed two moles of reagent without evolution of gas. 
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Experimental 
A. The Addition Products 

The new addition products were all made by the same general method; 
4 cc. of 40% sodium hydroxide solution was added to a warm (35,40° C.) 
mixture of 50 cc. of alcohol, 6 gm. of the cyclic ketone, and 3 gm. of the chal- 
cone—after several hours the crystalline addition product was filtered and 
washed, first with watet and then with ether. It was then recrystallized 
from an appropriate solvent. An excess of ketone is essential for obtaining 
the best results. These substances are very readily soluble in hot methyl 
and ethyl alcohols, acetic acid, chloroform, carbon tetrachloride, and benzene, 
but sparingly soluble in the cold alcohols, ether, and petroleum ether; the 
solubility increases with the amount of substitution. 

2-Phenacylobenzylcyclohexanone (III) torms white silky needles, m.p. 
149° C., when recrystallized by dissolving 18 gm. of the crude product in 
25 cc. of hot chloroform and adding 75 cc. of alcohol and 1 cc. of acetic acid; 
yield, 90-95%. Calcd. for CaH2O0.: C, 82.4; H, 7.2%; mol. wt., 306. 
Found: C, 82.1; H, 7.3%; mol. wt., 305. In the Grignard machine it 
consumed two moles of reagent and showed two additions. 

A trimolecular product is formed in the absence of a solvent, using sodium 
ethylate; it forms fine needles from alcoholic chloroform that melt at 
167-168° C. Caled. for CssHO3: C, 84.0; H, 6.6%; mol. wt., 514. Found: 
C, 83.7; H, 6.8%; mol. wt., 507. In the Grignard machine it consumed 
three moles of reagent, showing 2.8 addition and evolving 0.3 mole of gas. 

2-(4-Chlorophenacylobenzyl) cyclohexanone (XIV), 2-(4-chlorophenacylo- 
benzy])-3-methylcyclohexanone (XV), and 2-phenacylobenzyl-3-methylcyclo- 
hexanone (XVII) all formed white needles from alcohol. 


TABLE I 
PROPERTIES OF CHLOROKETONES 


M 2 Yield, % Cl % Cl Grignard 
wt. A calcd. found machine 


Formula 








Substance 


































CnHn0,Cl 10.1 10.2 1.9 addition 
CesHe0;Cl 10.0 1.9 addition 





125-6 90 
155-6 65-70 








The cyclopentanone (I) and menthone (II) addition products were prepared 
by Stobbe’s directions, but the manipulation has to be done with considerable 
care and oils are nearly always formed. The first was purified by crystallizing 
from 60-80° C. petroleum ether and the second from 90% alcohol. In the 
Grignard machine the latter consumed two moles of reagent, evolving one 
mole of gas and showing one addition. It gave a gum with thionyl and acetyl 
chlorides, that on hydrolysis regenerated the starting material. 

The dioxime of (III), prepared in the usual manner, formed transparent 
white prisms from ethyl alcohol, m.p. 186° C. Caled. for CoH»O.N2: 8.3%. 
Found: N, 8.5. 
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The pyridine derivative (XII) was made by refluxing for three hours a 
mixture of 5 gm. of the addition product, an equal weight of hydroxylamine 
hydrochloride and 100 cc. of alcohol, and pouring the wine-red solution into 
300 cc. of water containing 3 gm. of sodium hydroxide. The greenish-yellow 
gum was removed, dissolved in alcohol and chloroform, and an excess of picric 
acid added; a picrate separated in shiny, yellow flakes (m.p. 196° C.). Calcd. 
for Co7H2N,O;: N, 10.8%. Found: N, 10.3%. A similar product resulted 
when the dioxime, suspended in dry benzene, was saturated with hydrogen 
chloride. Attempts to regenerate a crystalline free base were unsuccessful. 

The addition product reacted vigorously with bromine, evolving clouds of 
hydrogen bromide; the product was a thick gum that contained bromine 
but could not be recrystallized. It lost part of its bromine to alcoholic potas- 
sium acetate, but still remained as a gum. 

The anthrone addition product* (XIII) (12) formed only a monoxime 
when treated with excess of hydroxylamine, but in the Grignard machine 
consumed two moles of reagent and showed two additions. The oxime 
formed fine prisms from methyl alcohol (m.p. 144-145°C.). Caled. for 
CosH2302.N: N, 3.3%. Found: N, 3.1%. 


B. The Dehydration Products, the Bicyclic Ketones; Bicyclo-[3.1.3|-2,4-di- 
phenyl-9-ketononene-4, (IV) 


To a solution of 5 gm. of the addition product (III) in 100 cc. of absolute 


alcohol, concentrated sulphuric acid was added until the solution became 
permanently red. After 24 hr. the mixture was warmed on the steam bath 
and water added until the solution became slightly turbid. On cooling 
2.6 gm. of a solid separated, that aiter recrystallization from alcohol formed 
shiny, transparent plates (m.p. 143° C.). When the orange-red solution of 
the addition product in cold (10° C.) concentrated sulphuric acid was allowed 
to stand overnight and poured into ice water most of the product was water- 
soluble, but the insoluble oil was separated and distilled in a vacuum; 50 gm. 
of the diketone gave 10 gm. of crude oil that on redistillation yielded 3 gm. 
of a pale yellow oil (b.p. 155-160° C. at 25 mm.), from which only 0.5 gm. 
of a crystalline product could be obtained. This was an isomeric dehydration 
product; it formed prisms when recrystallized from methyl alcohol; m.p. 
151°C. Calcd. for CaH2»O: C, 87.5; H, 6.9%. Found: (143° C.) C, 87.4; 
H, 7.0%; (151° C.) C, 87.4; H, 6.9%. The diketone (III) was recovered 
unchanged after prolonged refluxing in-acetyl chloride or acetic anhydride. 
The oxime (from the isomer melting at 143° C.) separated as cubes from 
70% alcohol; m.p. 156°C. Calcd. for CoH»ON: N, 4.6%. Found: 4.4%. 
In the Grignard machine, the isomer melting at 143°C. consumed one 
mole of reagent and showed one addition; 0.2 gm. sample was used, and after 
making the required measurements, the carbinol formed was recovered by 
distilling the solvent. After recrystallization from alcohol, 0.05 gm. of pure 
substance was obtained. Bicyclo-[3.1.3]-2,4-diphenyl-9-methyl-9-hydroxy- 


* The experimental work on this substance, except for the treatment in the Grignard machine, 
was done by Dr. F. B. Wells. 
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nonene-4 (V) formed square-ended plates, m.p. 147°C. Caled. for CoxxHO: 
C, 86.8; H, 7.9%. Found: C, 86.8; H, 8.067. It evolved gas when treated 
with methyl magnesium iodide, but was recovered after acidification with 
no change in melting point or mixed melting point. ' 


C. The Methyl Ether; 2,4-Diphenyl-2-methoxyheptahydrobensopyrane (VI) 

Although obtained in a variety of ways, the best procedure was as follows: 
10 gm. of the addition product (III) was dissolved in 50-69 cc. of chloroform, 
an equal volume of absolute methyl alcohol and 1 cc. of constant-boiling 
hydrobromic acid added, and the solution allowed to evaporate spontaneously. 
The residual solid was recrystallized, the analytical sample from methyl 
alcohol. It formed needles; m.p. 171° C.: yield, 7 gm. Calcd. for C22H2sOv: 
C, 82.5; H, 7.5; OCH;, 9.7%. Found: C, 82.1; H, 7.3; OCHs:, 9.9%. 
It was also obtained from the gum formed by the action of sulphuric acid 
on the addition product, or on allowing a methyl alcoholic solution contain- 
ing any mineral acid or anhydrous copper sulphate to stand for some time. 
The methyl ether is very slightly soluble in methyl and ethyl alcohols, but 
dissolves readily in hot -propyl and -butyl alcohols, amyl ether, ethyl 
acetate, acetic acid or anhydride, chloroform and benzene. There was no 
reaction of any kind with the Grignard reagent, hydroxylamine, nor perman- 
ganate. It did not decolorize bromine instantly, but copiously evolved hydrogen 
bromide like the diketone (III) and formed a gum. On warming a solution in 
ordinary alcohol containing a trace of sulphuric acid it was rapidly hydrolyzed 
to the original addition product. It gave the pyryllium salts described below. 

None of the other addition products, nor several other previously known 
1,5-diketones gave a methyl ether—its isolation in this instance was doubtless 
fortuitous, and possible only because of its insolubility. 


D. The Pyryllium Salts 


Four varieties of these were prepared as stated in the introduction. Those 
containing a metal were made by the usual procedure for ferrichlorides, but 
the perchlorates were made more easily as follows. To a suspension of 2 gm. 
of the diketone in 8 cc. of acetic anhydride and an equal volume of absolute 
ether, 1.5 cc. of 50% perchloric acid was added, drop by drop—if too rapidly, 
the mixture became hot or even exploded. In all instances the perchlorates 
separated as needles on standing—the yields were of the order of 50% for 
diketones like benzaldiacetophenone, but only 20% in the case of the semi- 
cyclic substances. They were recrystallized from glacial acetic acid contain- 
ing a drop of perchloric acid. The metal salts were recrystallized from a 
1:1 mixture of acetic acid and anhydride. “ The antimony salts did not 
separate readily from the gummy by-products and could not be isolated at 
all from the semicyclic diketones. 


Example of interconversion of salts. The tin salt (2 gm.) was suspended in 
5 cc. of acetic anhydride, and 2 gm. of ferric chloride or 1.5 cc. of perchloric 
acid added; the mixture became hot. On cooling, 1.2-1.5 gm. of the ferri- 
chloride or perchlorate separated, analytically pure. 
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In addition to the new addition products and the methyl ether described 
above, benzaldiacetophenone (XVIII) (11) and a phenylated homologue 
(XLX) (2, formula VI) were used. The results are summarized in the tables. 


TABLE II 
FERRICHLORIDES; RFeCl,* 
Diketone Formula of. Crystal form 


III Cn HigOFeCh, Yellow needles 
XVII Cx»H»nOFeCh 3 Yellow prisms 
I CooHi;OFeCh, 126 Brown prisms 


* Cf. Ref. 2 for others related to this work. 


TABLE III 
PERCHLORATES; RCIO, 


Diketone Formula 


Ill C21Hi90;Cl 

XVII C»H20;Cl Orange-yellow 
I C29H170;Cl .| Yellow 
= C23H170;Cl Brown-yellow 


C29H20;Cl Yellow 


t The chlorine was determined by the method of Willard and Thompson (19); direct titration 
was unsatisfactory. 
¢ Previously made in another way by Dilthey (6). 


TABLE IV 
TIN SALTS; R.C:H;02.SnCl, 


Diketone Formula 


Yellow-orange 
prisms Sn tt 
C:H,OQ;ff 


ese 
SIO ep 
Soe 
oro 


CyuH»O;SnC l 


Cow] On 
Onl on 


CaH20;SnCk 


Lemon-yellow 
needles 


won 
NAW 


CyHyO;SnClh, 206 Orange needles 


a) 
_ 
uo 


tt Estimated as SnOx. tt Perkin’s acetyl method (4, p. 284). 
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TABLE V | 
ANTIMONY SALTS; RSbCl. 


Diketone Formula ~ Crystals 


XVIII CsHi7OSbCl¢ 320 d. Brown prisms 
XIX CasHnOSbCle 233 d. Brown prisms 
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PYROLYSIS OF THE LOWER PARAFFINS 
III. PRODUCTION OF OLEFINES IN BAFFLED METAL TUBES’ 


By ADRIEN CAMBRON? AND COLIN H. BayLey® 


Abstract 


Results have been obtained which indicate that the conversion of the lower 
paraffins to olefines by thermal treatment can be satisfactorily carried out in 
special alloy steel tubes at 800—-820° C. By using baffled tubes it has been found 
possible to obtain high rates of conversion at temperatures considerably lower 
than when using open tubes. Actually the temperature has been brought 
within the range of usefulness of special alloy steels. Heat-resistant alloys of 
the 18-8 type have been found unsuitable for this purpose, because nickel 
appears to catalyze the formation of elementary carbon, but nickel-free alloys 
containing over 20% of chromium have been found satisfactory. 


The production of olefines by the thermal dehydrogenation of the lower 
paraffin hydrocarbons in metal tubes has been investigated by Chamberlin 
and Bloom (3). These authors, however, were mainly concerned with the 
production of aromatics, which are produced when the thermal treatment is 
carried out under such conditions that the olefines formed as primary pro- 
ducts are allowed to polymerize. They investigated tubes of steel, nickel, - 
Monel metal and copper, none of which were suitable, inasmuch as they 
catalyzed the formation of carbon from the gas, or else underwent failure 
due to carburization at the high temperature necessary for the reaction. 


More recently Podbielniak (7) has described results obtained on a semi- 
commercial plant scale both on the thermal dehydrogenation of the lower 
paraffins to olefines and on the polymerization of the olefines to aromatics. 
This author employed special alloy steel tubes arranged in a single coil and 
externally heated in a gas-fired furnace. Waste stabilizer gases from petrole- 
um refining were used as raw material. By careful regulation of the conditions 
of temperature and flow it was possible to obtain good yields of olefines and 
aromatics. However, there was always a more or less considerable deposition 
of carbon. This could be partly overcome by increasing the velocity of 
passage of the gas and by careful temperature control, but it was nevertheless 
necessary to ‘‘blow”’ the tubes with steam every 8 to 12 hr. in order to remove 
the carbon deposit. 

The economic possibilities of the production of olefines by thermal treat- 
ment of natural gas fractions or waste refinery gases have been reviewed by 
several authors (1, 5, 7). Olefines are now being, or have been, produced 
commercially by the thermal treatment of natural gas fractions, but no data 
are available regarding the yield of olefines and it is not known whether 
conditions have been found under which the deposition of carbon is avoided. 


1 Manuscript received November 1, 1933. 
Contribution from the National Research Laboratories, Ottawa, Canada. 


2 Associate Research Chemist, National Research Laboratories, Ottawa. 
3 Junior Research Chemist, National Research Laboratories, Ottawa. 
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In a recent publication from these laboratories (2) are given the results of 
experiments on the thermal dehydrogenation of the lower paraffins to olefines 
in quartz tubes, under conditions of turbulent flow resulting from the use of 
specially designed baffles. It is shown in that paper that, other factors béing con- 
stant, the yield of olefines is considerably higher under conditions of turbulent 
flow than when the gas flow is streamline. It is also shown that, for a given 
rate of flow of gas or vapor, the temperature required for a given amount of 
decomposition to olefines is considerably lower when the gas flow is turbulent. 
It was also observed that, owing to the more uniform heating of the gas under 
conditions of turbulent flow, it is possible to obtain a product containing 
much higher concentrations of olefines without loss of the olefines through 
side reactions, such as polymerization or breakdown to carbon and hydrogen. 


Owing to the high cost and fragility of quartz, porcelain and other refractory 
tubes and also to constructional difficulties, the practicability of using these 
materials in commercial scale operation is doubtful. It was consequently 
thought advisable to investigate the suitability of heat-resistant alloy steel 
tubes, especially since it had been found possible, by carrying out the reaction 
under conditions of turbulent flow, to bring the reaction temperature within 
the range where such tubes can be used. 


Experiments have been carried out with two types of alloys. The first 
alloy investigated was of the KA2Z2S type containing approximately 18% of 
chromium and 8% of nickel. The second alloy contained 28% of chromium 
and only traces of nickel. 


Apparatus 


The apparatus used to measure and control the gas flow and to remove any 
liquids from the gaseous products was the same as previously described (2). 
The furnace was built in three sections, two of which are shown in Fig. 1. 
The lengths of the sections were 32, 58 and 58 cm. respectively, the heating 
of each section being independently controlled. The first and third sections 
were wound in one circuit, whilst the second section was wound in two 
circuits. Thus the complete furnace consisted of four independently con- 
trollable sections. The distance between the windings and the wall of the 

reaction tube was 2.2 cm. 
The tube was supported 
axially by means of per- 
forated plates attached to 
the ends of the furnace. 
Openings through the fur- 
nace insulation permitted 
thermocouples to be intro- 
duced into the space be- 
tween the windings and 
Fic. 1. Diagram of apparatus. the reaction tube. 
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Gases Used 
The propane and m-butane were supplied in cylinders by the Carbide and 
Carbon Chemicals Corporation. The values of 2 in Con+2 for each paraffin, 
determined by slow combustion analysis, are as follows:—propane, 2.95; 
n-butane, 3.98. 


Experimental 

(A) Experiments in KA2S Tubes 

(i) Pyrolysis of propane in 58-cm. furnace. Experiments were carried out 
in an alloy steel tube of the KA2S type (chromium : nickel, 18:8). The 
diameter of the tube was 2.7 cm., the heated length being 58 cm. In one 
series of experiments, mica baffles of 2.4 cm. diameter were used, mount- 
ed on an 0.8-cm. quartz rod and spaced 1.5 cm. apart. A second series 
of experiments was carried out without baffles. The results are given in 
Table I. These show the very pronounced increase in the yield of olefines 
at a given temperature when the gas flow is rendered turbulent by means 
of suitably designed baffles. It will be observed, for instance, that in experi- 
ments Nos. 79 and 82 the yield of olefines was increased from 259 to 359 gm. 
per hour when the gas flow was rendered turbulent. 


TABLE I 
PYROLYSIS OF PROPANE IN BAFFLED AND IN EMPTY KA2S TUBES 


Analysis of gaseous products, | Olefines 
Expt. Rate, pansion Temp., % by vol. , pro- | Carbon, 
No. 1./hr. o 1 °C ee———————————————“—]| duced, | gm./hr. 

. CH2 | CoHa | CsHe | Ha gm./hr. 
ne Se SSS 


Baffled tube 


79 416 ; 923 ‘ S. ; s 359 
80 411 ; 912 3. ‘ 369 
81 414 ; 949 ; 26. : = 386 


Empty tube 


82 406 ; 925 ‘ : g , 259 
83 413 ; 954 ; , 292 
84 411 ; 977 297 


(ii) Pyrolysis of n-butane in 58-cm. furnace. Experiments were also carried 
out with n-butane using the same furnace as in the previous propane experi- 
ments, with baffles. The results are given in Table II. 


TABLE II 
PYROLYSIS OF 2-BUTANE IN BAFFLED KA2S TUBE 


= 
. “0 . 
Analysis of gaseous products, Ole- {Conversion , 
°6 by volume fines, | by weight 
—_—_—_— | gm./hr. | entering 


C2He | C2Ha | CsHe | CaHs 


85 422 74.9 886 0.5 | 16.4 | 19.0 1.5 443 40.6 
86 410 94.9 904 0.9 1:19.51 19.4) 0.5 7 38.7 484 45.7 


Expt. | Rate, 


ie Temp., 
No. | 1./hr. ——" *c 
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Even at such high conversions as in experiment No. 86, for instance, where 
45.7% by weight of the entering n-butane was converted into olefines, very 
little of the olefines are lost through side reactions. Considering the small 
reaction volume employed, it is also worthy of note that over one pound of 
olefines is produced per hour. 


(iii) Pyrolysis of propane in 85-cm. furnace. In order further to reduce 
the temperature required for the conversion of propanes to olefines, the furnace 
length was increased. The KA2S tube was used and all of these experiments 
with the exception of No. 90 were carried out with baffles, the latter consist- 
ing of circular disks 2.3 cm. in diameter, cut from KA2S sheet 0.75 mm. thick, 
supported 1.5 cm. apart on a 0.65-cm. rod of the same material, the baffles 
being placed throughout the heated length. 


These experiments were carried out particularly to determine the effect of 
increasing the length of the furnace on the temperature required for a given 
amount of decomposition, but also to determine the effect of turbulence at 
the lower temperature and to make a quantitative estimate of the amount 
of carbon formed in tubes of this alloy. The results obtained in these experi- 
ments are recorded in Table III. 


TABLE III 
PYROLYSIS OF PROPANE IN KA2S TUBE, 85-CM. FURNACE 


Gee Ex- Analysis of gaseous products, 


% by volume Olefines produced Cohen 


rate, | pansion, formed 
, 


CsHe | Ha |Gm./hr. | 7 yield | em-/he. 


376.5} 80.2 
375 81.3 
378 79.0 
54.2 
608 75.2 
74.0 
71.7 
38.5 
40.2 


ina 
ls 
iS 
wm 
* 
| © 
he 


373.7 
278.0 
588 .0 
559.5 
553.7 
317.0 
318.3 


SSeser 
00 A Un Bm =7 
ee ee ee 
CONWNOO 
COnK Pe wN 
| SeaIAe 
NOWONA 
COMOCK KR nmwo 
CORAIAIOH OD 


_ 


* No baffles used. 


A comparison of experiments Nos. 87 and 89 with No. 81 shows that the 
amounts of olefines produced per hour are substantially the same at 850° C. 
in the 85-cm. furnace as at 949° C. in the 58-cm. furnace. 

Although the temperature used in these experiments was lower than those 
in the preceding experiments (Table I), the observed effect of turbulence on 
the reaction was just as marked. The amounts of olefines produced in experi- 
ments Nos. 87 and 89, for instance, were of the order of 373 gm. per hour 
whilst in experiment No. 90, without baffles, the yield of olefines was only 
278 gm. per hour. Carrying out the reaction under conditions of turbulent 
flow, therefore, increased the yield of olefines by 35%. At a higher gas rate 
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the effect of turbulence is considerably more marked. Thus in experiments 
Nos. 92 and 93 the yield of olefines was of the order of 555 gm. per hour, 
when using the baffled tube, whilst in experiments Nos. 94 and 95 under 
the same conditions of gas rate and temperature, the yield of olefines was 
only 318 gm. per hour, when using the empty tube. The use of baffles, con- 
sequently, caused a 75% increase in the yield of olefines at the higher gas rate. 

Considerable variations were observed in carbon formation under ap- 
parently identical conditions. It was expected that the metal would lose its 
activity on prolonged use. This effect, however, did not appear to take 
place. Extraction of the carbon with dilute hydrochloric acid indicated the 
presence of appreciable amounts of iron and nickel. There is some doubt 
as to whether the nickel is alone responsible for catalyzing the formation of 
carbon, later work having shown that iron as well as nickel may, under certain 
conditions, cause the deposition of carbon in the reaction tube. 

It will be observed that.the amounts of carbon formed in the above experi- 
ments are considerably higher than in the experiments given in Table I. 
This may be due to the fact that mica baffles were used in the latter experi- 
ments, whilst metal baffles were used in the former. 


(B) Experiments in Nickel-free Chromium Alloy Steel Tubes 


In the following experiments, heat-resistant alloy tubes containing about 
28% of chromium and only a trace of nickel were used. The tubes were 
2.54 cm. in internal diameter. The baffles, which were used in all experiments 
except No. 96, were 2.25 cm. in diameter and placed 1.7 cm. apart, the baffles 
and the 0.65-cm. rod used as support being of the same composition as the 
tube. The results of the experiments are shown in Table IV in which the 
first three experiments were carried out in an 85-cm. furnace, and the last 


two in a 140-cm. furnace. 
TABLE IV 


PYROLYSIS OF PROPANE IN 28% CHROMIUM ALLOY TUBE 


Olefines produced 
Gas Ex- Analysis of gaseous products, |——————————— 
rate, | pansion, % by volume Ole- | Yield by 
1./hr. % ———______________—_—_———_| fines, | weight, 


Tap 


27.2 | 10.7 
* Propane-butane-ethane mixture (n=3.06 ). t Propane (n=2.95). 


Comparison of experiments Nos. 81, 98 and 99 in which substantially the 
same gas rate was used, shows that the increased time of contact due to the 
increased length of the furnace produces a very marked lowering in the 
temperature required for the same amount of conversion. At 400 litres per 
hour, the same amount of reaction takes place in the 140-cm. furnace at 
800° C. as in the 58-cm. furnace at 949° C. 
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Experiments Nos. 96 and 97 show the effeet of the baffles on the yield 
obtained when a mixture of propane and n-butane containing a little ethane 
(n=3.06) is pyrolyzed at 860° C. in an open and baffled tube. It will be 
seen that the use of baffles raises the yield of olefines by approximately 30%. 

The amount of carbon depositing in the reaction tube or on the baffles 
was found to be negligible under the above conditions. When the high- 
chromium alloy steel tube was first used, it was found that a thin very 
adherent film of hard, grey carbon deposited on the surface of the metal. 
This film is very similar to that which deposits on an inert surface such as 
quartz under the same conditions. Its rate of growth on the high-chromium 
alloy was determined and found to be of the order of 0.007 mm. in 11 hr. 
This includes the rapid growth when the tube is first used. Examined under 
the microscope, the film appears to consist of a conglomerate of small spheres 
fused together, the surface being highly reflecting. 

High-chromium steel tubes, as will be reported in a later communication, 
have also been used in the investigation of the conversion of propane to 
aromatics at temperatures of 800-850° C. Although the tendency to form 
carbon is greater under these conditions, the only carbon deposited in the 
tube is the exceedingly thin film referred to above. 


(C) Recycling Experiments in Nickel-free Chromium Alloy Steel Tubes 
These experiments were made in an attempt to increase the time of contact 
of the gas undergoing pyrolysis so as to reduce the temperature required, by 


recycling a portion of the exit gas through the furnace. It was found that, 
even under conditions such that a portion of the olefines underwent polymer- 
ization, the percentage conversion to olefines remained substantially constant. 

In these experiments the liquids formed were removed from the exit gas by 
activated charcoal. The 85 by 2.54 cm. furnace was used in experiments 
Nos. 101-104 and the 140 by 2.54 cm. furnace in experiments Nos. 105-107, 
the baffles being as in (B) above. The results are given in Table V. 


TABLE V 
RECYCLING EXPERIMENTS IN NICKEL-FREE CHROMIUM ALLOY STEEL TUBE 


Conversion 
Analysis of gaseous to liquids Olefines produced 
products, based on [———————"——_- 
Expt. | Temp., ee % by volume entering Yield, 
No. *¢. paraffin, Yield, % of 
; —_——_—-———_—— % by gm./hr.| paraffin 
C:Ha weight 


102 835 208 . 27.9 
103 840 211 237. > 27.6 
104 850 212 230 . ° 29.0 


105 810 210 220 : 24.8 


106 830 210 234 . 24.0 
107 850 204 238 106 ‘ 24.7 


* Propane-butane-ethane mixture. All other experiments with propane. 
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It will be observed that the combined yields of olefines and liquids expressed 
as percentage by weight of paraffin put through are quite constant at 55-60% 
except in experiment No. 105 made at a much lower temperature. It will also 
be noted that whilst the combined yield of olefines and liquids remains con- 
stant, the yields of liquids vary from 9.1 to 20.2% by weight and the yields 
of olefines from 35.4 to 53.5%. This would seem to show that, under the 
above conditions, the paraffin loss through methane formation takes place pre- 
dominantly in the cracking stage, and not in the polymerization stage, for the 
amount of olefines which disappears when the temperature is raised can be 
almost totally accounted for by the increased yield of liquids. 


Behavior of Heat-resistant Alloy Steels at Pyrolysis 
Temperatures 


The high-chromium alloys have a considerably lower tensile strength at 
temperatures above 800° C. than the KA2S alloys. For this reason it was 
found desirable to keep the temperature as low as possible in the experiments 
with alloys of the former type. For instance, the high-chromium alloy used 
has a tensile strength of 18,000 Ib. per sq. in. at 800° C. and this drops to 
8,500 Ib. per sq. in. at 900° C. whilst a 20 : 10 chromium-nickel alloy has a 
tensile strength of 50,700 Ib. at 800° C. and 30,000 Ib. per sq. in. at 900° C. 
Consequently, tubes of the high-chromium alloy would show a-greater tend- 
ency to undergo deformation at elevated temperatures due to plastic flow or 
“‘creep’’. The creep rates, that is, the stress required to produce an elongation 
of 10-7 per hour, for instance, bear about the same ratio to each other as do 
the tensile strengths of the two alloys (6). A stress of 0.45 tons per sq. in. pro- 
duces a creep rate of 10~? per hour in a 27% chromium alloy at 650° C., while 
2.46 tons are required to produce the same creep rate in an 18—8 chromium- 
nickel alloy. No deformation has been observed in the 18—8 alloy tubes used 
in the present experiments, even after 40 to 50 hr. use at temperatures as high 
as 930°C. With the 28% chromium alloy tube, however, a perceptible 
sagging of the tube was observed after about 3} hr. at 840° C., but tubes of 
the same alloy were used for several hours at 800° C. without any noticeable 
deformation. The unsupported length of tube in the above experiments was 
85 cm. It is obvious that by providing an adequate number of supports, 
so as to decrease the unsupported length of tube in the furnace, any difficulty 
due to sagging could be eliminated. Using a 20% chromium alloy instead 
of the 28% alloy used in the present experiment would also help in over- 
coming difficulties due to sagging of the tubes, for the former alloy shows an 
appreciably lower creep rate at 800-850° C. than the latter. 


With regard to the probable life of 28% chromium alloy steel tubes under 
continuous use, no visible signs of failure are shown by tubes which have been 
in use for 55-60 hr. at temperatures between 800 and 850°C. In fact, it is 
reported (4, 8) that tubes of this alloy have been in successful use for over 
two years in vapor-phase cracking units operating at 870° C. 
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IV. THE CONVERSION OF GASEOUS PARAFFINS TO AROMATIC 
HYDROCARBONS IN BAFFLED QUARTZ TUBES! 


By ADRIEN CAMBRON? AND COLIN H. BAYLEY® 


Abstract 


The polymerization of gaseous olefine mixtures, such as are obtained by 
the pyrolysis of the lower paraffins, has been studied by passing the gases 
through heated quartz tubes under conditions of streamline and of turbulent 
gas flow. It is shown that the observed rate of polymerization of the gaseous 
olefines to liquid hydrocarbons is appreciably higher, at q given wall temper- 
ature, under conditions of turbulent flow. By subjecting propane to two thermal 
treatments at a maximum temperature of 950° C., 29% by weight of the gas is 
converted to liquids of which 70% boil in the gasoline range, and over 30% by 
weight of the propane is recoverable in the gaseous by-products as olefines, the 
total conversion into useful products being consequently about 60%. Sub- 
stantially the same results have been obtained in single-stage recycling experi- 
ments. 


The production of aromatic hydrocarbons by the thermal treatment of the 
lower paraffin hydrocarbons, above methane, has been the subject of numer- 
ous investigations. The work carried out up to 1916 has been reviewed by 
Lomax et al (11). More recently, Egloff (7) and his coworkers have published 
a review covering the work done on the subject up to 1930. The results of 
some recent investigations have been reported by Frey and Hepp (8), Pease 
(12), Frolich (9) and Groll (10). 


The possible utilization of the gaseous paraffins for the production of 
aromatics or liquid fuels has been discussed by Bowen and Nash (1) and by 
Dunstan (5, 6). Dunstan states that on account of the necessity for high 
temperatures and the need of operating at ordinary pressure resulting in low 
throughput, the commercial possibilities of such a process have hitherto been 
regarded as doubtful. It would seem, however, that both of these difficulties 
can be largely overcome by the use of specially designed reaction tubes in 
which a high degree of turbulence is induced in the gas flow through the 
reactjon chamber, the considerable increase in the rate of heat transfer from 
tube wall to gas under these conditions resulting in high rates of conversion 
even at relatively low temperatures. 


The work on the pyrolysis of the lower paraffins, carried out in these 
laboratories so far, has been concerned with the conversion of the lower 
paraffins to olefines (2, 3, 4), particularly with the object of determining the 
effect of turbulence on the reaction. This work has shown that at a given 
temperature and at high rates of flow, the observed rate of decomposition 
of the gaseous paraffins into olefines is markedly increased by artificially 
inducing turbulence in the gas flow through the reaction space. 

1 Manuscript received November 13, 1933. ; 
Contribution from the National Research Laboratories, Ottawa, Canada. 


* Associate Research Chemist, National Research Laboratories, Ottawa. 
3 Junior Research Chemist, National Research Laboratories, Ottawa. 
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The conversion of paraffin to liquid hydrocarbons takes place in two stages; 
(i) the breakdown of the paraffins into olefines, and (ii) the polymerization 
of the olefines to liquids. The present investigation has been undertaken in 
order to determine the effect of turbulence on the rate of polymerization of 
olefines to liquids. It was not expected that the effect of turbulence would 
be as marked in the second stage as in the first, since the latter involves 
endothermic reactions and consequently the amount of reaction is more 
dependent on the-rate of heat transfer from tube wall to gas than the second 
stage which involves exothermic reactions. The results show, however, that 
the effects of turbulence upon the second stage are also very marked, the 
observed rate of polymerization being not only higher than is the case with 
streamline flow at the same wall temperature, but also that the more uniform 
temperature distribution throughout the reaction chamber, under conditions 
of turbulence, suppresses the formation of excessive amounts of tar whilst 
the formation of carbon is practically negligible. 


Materials Used 


The propane and n-butane used in these experiments were obtained from 
the Carbide and Carbon Chemicals Corporation. The values of m in 
C,H2,42, as determined by slow combustion analysis were 2.95 and 3.98 
respectively. 

Apparatus 


The apparatus used in these experiments is shown in Fig. 1. The gas 
pressure was reduced to about 20 lb. by means of a reducing valve and the 
gas flow regulated through a low pressure valve B, whence the gas passed to 
the capillary flowmeter B,, the wetmeter Ci, the drying tower D containing 
fused calcium chloride and to the furnace F. The quartz rod carrying the 
mica baffles was supported usually at three points by triangles of heavy mica 
sheet mounted on the rod and fitting the tube snugly. The gas leaving the 


Fic. 1. Furnace used in single-cycle pyrolysis. 


furnace was rapidly cooled by means of a loop of yy-in. copper tubing to 
which a number of copper baffles G were soldered and through which cold 
water was passed. The gas then passed through a receiver H, a spiral glass 
condenser K immersed in cold water, and an electrostatic precipitator L. 
The recovery of the low-boiling liquids present in the gas was effected, in the 
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earlier experiments, by passing the gas leaving the precipitator through three 
tetralin washing towers. At the end of the experiment the low-boiling liquids 
were removed from the tetralin by distillation up to 190° C. through an efficient 
column. In the later experiments, the tetralin washers were replaced by 
charcoal absorbers N. The rate of the scrubbed gas from the tetralin or 
charcoal absorbers was measured by the wetmeter C;, care being taken to 
allow the absorbers to become saturated with the gas before taking a reading. 
Samples of the gas were taken for analysis at Z. 


Fig. 2 is a photograph of the four charcoal absorbers used. The gas 
to be treated was passed through the valve A, entering the absorber at the 
base, the treated gas passing out at B. At the 
end of theexperiment the valves A and B were 
closed, the valves C and D opened and the 
charcoal steamed out at a temperature of 
300° C. To accomplish this, water was allowed 
to drop from the flask E into the vaporizer F, 
whence the steam passed to the superheater G, 
which was kept at a temperature of 500° C. 
and then to the absorber through valve C. 
To reduce the amount of steam required, the 
absorbers were electrically heated by means 
of nichrome windings and well insulated. The 
four absorbers were so arranged that they 
could be used singly or in series. The vapors 
and steam from the charcoal were passed 
through the copper coil condenser H and col- 
lected. The light-oil layer was separated, dried 
over fused calcium chloride and weighed. 

The method used in the analysis of the 
gaseous products was as previously given (3). 

The tar which collected in the condensers 
and in the electrostatic precipitator was dis- 
tilled and the fraction boiling below 200° C. 
was added to the low-boiling liquids recovered 
from the tetralin or charcoal absorbers. In 
general the liquids removed from the exit gases 
by the tetralin or charcoal absorbers consisted 
mainly of benzene with a little toluene whilst 
most of the toluene and practically all the 
xylenes and higher aromatics were present in 
the tar from the condenser and precipitator. In these experiments, the 
fraction boiling above 200° C. is referred to as “‘tar’’ and the fraction boiling 
below 200° C. as “‘light oil’’. 

As the result of later work in metal tubes, an account of which is to be 
published shortly, sufficiently large amounts of light oil and tar were pro- 


Fic. 2. Charcoal absorbers. 
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duced, by the pyrolysis of propane, to permit of the determination of the 
composition of these liquids by distillation and chemical methods. 


Experimental 
(a) Pyrolysis of Propane in 80-cm. Furnace (Single-stage Experiments ) 

The following series of experiments was carried out using a quartz reaction 
tube, the heated length being 80 cm. and the diameter 2.5cm. The tube was 
electrically heated by means of nichrome resistance ribbon wound directly 
on it and well insulated against heat losses. The heated length of the furnace 
was divided into two equal sections, the current supplied to each being con- 
trolled separately. Thermocouples were placed in contact with the outside 
wall of the reaction tube at a point two-thirds the distance along each of the 
heated sections. 

Experiments 1-3 were carried out to determine the effect of varying the 
gas rate on the yield of liquids, whilst the object of Experiments 4-11 was to 
determine the effect of turbulence on the yield and on the relative amounts 
of light oil and tar formed under conditions of turbulent and streamline flow 
at different temperatures, the inlet rate being held as constant as possible. 

Experiments 4-7 were carried out with baffles of 2.1-cm. diameter spaced 
1.8 cm. apart in the second section, whilst in Experiments 8-11 no baffles 
were used in this section. In order to determine the effect of turbulence on 
the polymerization stage of the conversion of propane to liquids, the heating 
of the first, or cracking section was controlled so as to obtain as complete 
cracking as possible before the gas entered the second, or polymerization 
section. In all experiments baffles were used in the first section. Reference 
to Experiment 38, Table XV, in a previous communication (3, p. 189), shows 
that at the temperature and gas rate used, the gas entering the second section 
contains approximately 25% of ethylene and 11% of propylene. 


TABLE I 


PYROLYSIS OF PROPANE TO LIQUIDS IN 80 BY 2.5 CM. FURNACE 
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* Temperatures of first and second furnace sections respectively. 
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In this series of experi- 
ments the low-boiling 
liquids were removed from 
the exit gas by washing 
with tetralin. 

The results obtained are 
shown in Table I. In this 
and subsequent tables, the 
letters used as column 
headings refer to the fol- 
lowing data :—A, total yield 
of liquids in grams per hour; 
B, percentage by weight 
of the propane put through 
recoverable as olefines from 
the exit gas; C, yield of 
light oil, grams per hour; 
D, percentage yield of 
liquids based on weight of 
propane put through; £, 
yield of liquids in lb. per 
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ses of the gaseous products 
obtained in the above experiments are shown in Table II. 


TABLE II 
ANALYSIS OF GASEOUS PRODUCTS, EXPERIMENTS NOS. 1-11 





% by volume 
n for residue 





C;:H: C3H, C:Hs H; Residue 
1 1.9 29.6 §.7 20.8 42.0 1.11 
2 1.8 30.0 6.8 20.5 40.9 1.03 
3 ar 27.4 2.4 23.8 42.7 1.07 
4 2:7 30.8 4.8 22.1 39.6 1.09 
5 2.7 28.1 §.2 23.5 40.5 1.03 
6 3.5 26.9 3.3 25.5 40.8 1.03 
7 4.4 24.1 ee 29.6 40.2 1.02 
8 1.6 28.5 8.0 19.7 42.2 1.22 
9 2.3 29.0 6.4 20.9 41.6 1.17 
10 2.2 27.6 5.6 22.7 41.9 1.15 
11 3:3 25.9 4.1 25.4 42.1 1.10 
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It will be observed that at 950° C. a 50% increase in the yield of liquids is 
obtained by carrying out the polymerization stage of the reaction under con- 
ditions of turbulent flow. Similar results are obtained at higher temperatures. 

The variations with temperature, in the yields of total liquids, light oil and 
tar, under conditions of streamline and turbulent flow are shown in Fig. 3. 

Comparison of Experiment 4 (with baffles) and Experiment 10 (without 
baffles), shows that at a given rate of flow, 12% of the propane is converted 
to liquids when the polymerization stage is carried out at 950° C. under 
conditions of turbulent flow, whilst a temperature of 1005° C. is required in 
order to obtain the same percentage conversion under conditions of stream- 
line flow. Under the latter conditions the light-oil-tar ratio of the product 
is considerably lower. 

It should be pointed out that the yields of liquids in the second series of 
experiments would have been considerably lower if no baffles had been used 
in the cracking section of the furnace, because the effect of turbulence on 
the cracking stage is very much more marked than on the polymerization stage. 


(b) Two-stage Pyrolysis Experiments 


In the following series of experiments the gas was subjected to two thermal 
treatments, the liquids formed in the first stage being removed before the gas 
entered the second furnace. This was done primarily to determine whether 
the temperature at which a reasonably high yield of liquids are obtained 


could be brought down to the range in which special alloy steel tubes could 
be used. 

The length of the first furnace was 80 cm. and of the second, 100 cm.; the 
diameters of both furnaces being 2.5 cm. Baffles of 2.1-cm. diameter were 
used throughout the length of both sections. After each thermal treatment 
the gas was passed through a condenser and Cottrell precipitator and the 
liquids remaining in the gas were recovered by absorption in three tetralin 
washing towers connected in series. The rates of flow of the tetralin through 
the towers were so adjusted that the tetralin leaving the last tower was free 
from absorbed liquids. The results are shown in Table III. 


TABLE III 
TWO-STAGE PYROLYSIS OF PROPANE TO LIQUIDS IN 180 BY 2.5 CM. FURNACE 


* Temperatures of sections of first furnace. + Temperatures of sections of second furnace. 
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The results of the analyses of the off-gas after the second thermal treat- 
ment are given in Table IV. In Experiment 17 an analysis was carried out 
on the gas leaving the first stage. 


TABLE IV 


ANALYSIS OF GASEOUS PRODUCTS, EXPERIMENTS NOS. 12-17 


% by volume ; 
n for residue 
Residue 


47.2 
46.0 
49.0 
46.0 
41.5 
46.9 


* Analysis of gas after first stage. t Analysis of gas after second stage. 


The maximum conversion to liquids obtained in the above experiments 
was 30.3% by weight of the propane put through (Experiment 14). This 
represents a yield of 37 Ib. per 1,000 cu. ft. of gas used, the light-oil-tar ratio 
being 0.96. Although the total conversion to liquids was only 24.8% in 
Experiment 15, the conversion to light oil was higher than in the previous 
experiment, the yield of liquids boiling in the gasoline range being 21.3 Ib. 
per 1,000 cu. ft. The density of the light oil being 0.83, this corresponds to 
a yield of 2.57 gal. of light oil per 1,000 cu. ft. of propane put through. Since 
the amount of olefines in the off-gas represents a conversion to ethylene and 
propylene of 32.9% of the propane put through, the total conversion to 
aromatics and olefines is 57.7%. These results compare very favorably with 
those reported by Podbielniak (13) who, using a gas of substantially the same 
composition as the gas used in the present experiments, obtained a yield of 
light oil of 1.8 gal. per 1,000 cu. ft. of gas passed. 


(c) Effect of Temperature and Time of Contact on Light-oil-tar Ratio 


The following experiments were carried out to determine the effect of raising 
the temperature and lowering the time of contact on the light-oil-tar ratio 
of the liquids formed in the second furnace. In Experiments 18-22, 23-26 
and in Experiment 27, the length of the second furnace was 120 cm., 90 cm. 
and 60 cm. respectively. The diameter of the furnace was 2.5 cm. in all cases. 


In order to recover the liquids present in the gas after each thermal treat- 
ment, the gas was first cooled to 15—20° C., passed to the electrostatic precipi- 
tator to remove the tar fog and finally through a charcoal absorber containing 
400 gm. of activated charcoal. (Although such a procedure would undoubt- 
edly be found less economical than absorption by means of oil or tetralin on 
a commercial scale, the use of charcoal for recovering the liquids formed by 
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pyrolysis has been found much more convenient in the laboratory.) 
results obtained are given in Table V. 


TABLE V 


TWO-STAGE PYROLYSIS OF PROPANE TO LIQUIDS 


Temp., °C. 


2 
4 
3 
0 


140.1 . 99.0 


* Temperatures of sections of first furnace. + Temperatures of sections of second furnace. 


In all the above experiments, with the exception of No. 18, the amounts 
of liquids formed during each thermal treatment were recovered separately. 
This was done in order to determine the relative light-oil-tar ratio of the 
products obtained in each stage. The results are shown in Table VI. 


TABLE VI 


LIGHT-OIL—TAR RATIOS OF LIQUIDS FORMED IN TWO FURNACES 


Liquids formed in first furnace Liquids formed in second furnace 


Total Light Light-oil- Total Light Light-oil- 
liquids, oil, tar liquids, i 
gm. gm. ratig gm. 
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The results of the analyses of the off-gas from these experiments are shown 
in Table VII. In several experiments, a sample of the gas was taken after 
the first thermal treatment in order to determine the composition of the gas 
entering the second furnace. 
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TABLE VII 


ANALYSIS OF GASEOUS PRODUCTS, EXPERIMENTS 18-27 





% by volume 


Expt. No. |——WHH__---YTY SS ————_| " for residue 
C3H: C2H, C3He H: Residue 

18 2.4 19.2 a3 30.1 46.2 1.06 
19A 3.0 27.9 5.0 22.6 41.2 1.00 
19B ae 19.5 1.6 27.9 48.1 1.04 
20 eM 19.1 0.0 32.3 45.7 1.00 
21A 3.4 28.0 $.2 22.4 41.0 1.01 
21B 3.1 17.2 1.6 30.7 47.4 1.00 
22 3.0 11.8 1.9 37.7 - 45.6 1.01 
23 3.2 20.0 1.4 30.6 44.8 1.00 
24A 3.1 28.5 4.8 22.4 41.2 1.06 
24B 3.2 18.7 0.8 31.8 45.5 1.02 
25 3.5 16.2 4.5 31.9 46.9 1.00 
26* _— _— — — _ _ 

27A 3.0 28.2 §.2 22.4 41.2 1.02 
27B 3.3 20.4 4.1 27.7 44.5 1.01 


* No gas sample. 
A, gas sample taken after first furnace. B, gas sample taken after second furnace. 


The results of these experiments show that raising the temperature, and 
decreasing the time of contact so that the amount of total liquids formed 
remains constant, has no marked effect on the light-oil-tar ratio. This would 
seem to show that the relative rates of formation of light oil and tar are not, 
under these conditions, 4ppreciably affected by temperature. Thus, for 
instance in Experiment 20, the total yield of liquids from the second furnace 
was 99.9 gm. when the heated length was 120 cm. and the temperature 
920° C., the light-oil-tar ratio being 1.5. In Experiment 24, in which the 
heated length of the second furnace was reduced to 90 cm. and the temper- 
ature increased to 960° C., the total quantity of liquids formed was 103.3 
gm., the light-oil-tar ratio being also 1.5. 


When the length of the second furnace was reduced to 60 cm. (Expt. 27), 
the temperature could not be raised sufficiently high to obtain the same 
conversion as in the preceding experiments. The high light-oil-tar ratio of the 
liquids obtained in Experiment 27 was due to the smaller amount of liquids 
formed, as compared with the preceding experiments. 


It will also be observed that when the conditions were such that the amounts 
of liquids formed in the first furnace were equal to, or greater than, the 
amounts of liquids formed in the second furnace, the light-oil-tar ratio of 
the liquids from the first furnace were consistently higher than those from the 
second furnace. This is believed to be due to the fact that the concentra- 
tion of the olefines in the gas entering the second, or polymerization, section 
of the first furnace was considerably higher than that in the gas entering 
the second furnace. Since the rate of polymerization of the olefines, other 
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conditions being equal, increases with their concentration, it follows that a 
shorter time of contact is required at a higher concentration of olefines to 
produce a given amount of liquids which, being subjected to a high temper- 
ature for a shorter time, would be less likely to undergo side reactions. 


Fic. 4. Furnace used in recycle experiments. 


(d) Recycling Experiments 

The following series of experiments was carried out in order to compare the 
yields of liquids obtained when the gas is given two consecutive thermal 
treatments, as in (b), with the yields obtained when a fraction of the off-gas 
is recycled through the furnace. Fig. 4 is a diagram of the apparatus used. 

A fraction of the scrubbed gas leaving the charcoal absorbers was again 
put through the reaction tube by means of the control valve P, the Milvay 
pump S, the oil trap T and the oil-spray trap W, and mixed with fresh gas 
before entering the furnace. It was found preferable to use castor oil in the 


TABLE VIII 
RECYCLING EXPERIMENTS 
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pump rather than a hydrocarbon oil owing to the lower solubility of hydro- 
carbon gases in the former. A wet meter C; and flowmeter B» placed between 
the pump and the reaction tube served to measure the volume of gas recycled. 
The remainder of the gas passed from the exit side of the valve P to the wet 


meter C; and thence to the hood. Samples of exit gas were taken for analysis 
at Z. 


Table VIII shows the results obtained with different temperatures, inlet 
rates and recycling rates. Propane was used in Experiments 28-34, and 
n-butane in Experiments 35 and 36. 


The results of the analyses of the gaseous products obtained in four of the 
above experiments are shown in Table IX. 


TABLE IX 


ANALYSIS OF GASEOUS PRODUCTS 


% by volume 


Expt. 
No. _—— _| # for residue 
C:H2 C:H, C3He C.Hs H2 Residue 
28 2.6 16.8 0.2 — 30.4 50.0 1.00 
30 ee 21.5 2.2 — 26.4 48.2 1.00 
35 1.9 23.0 j¢ 3.2 0.0 21.4 50.5 1.04 
36 2.4 14.9 1.4 0.0 17.1 64.2 — 


It will be observed that the best yields obtained under the conditions of 
these experiments are about the same as in the experiments in which the gas 
was subjected to two thermal treatments; also that the capacity of a given 
size of reaction tube, 7.e., the amount of liquids produced per hour, is about 
the same in both cases. It would consequently appear that the use of recycling 
is more practical than subjecting the gas to two thermal treatments, since in 
the latter case two separate liquid recovery systems including condensers, 
electrostatic precipitators and absorbers must be used whilst in the former 
case only one liquid recovery system is required. 


The light-oil—tar ratio of the liquids obtained in the recycling experiments 
was, on the whole, appreciably higher than the liquids obtained by two 
thermal treatments. 


The results obtained in these experiments show that, by increasing the 
length of the furnace, the temperature required for the conversion of the 
gaseous paraffins to liquids can be brought within the range of usefulness of 
heat-resisting alloy steels. 
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STUDIES ON HOMOGENEOUS FIRST ORDER GAS REACTIONS 


IV. THE DECOMPOSITION OF PARA-n-BUTYRALDEHYDE AND PARA- 
ISOBUTYRALDEHYDE! 


By C. C. CorFIn? 


Abstract 


The gaseous decompositions of para-n-butyraldehyde and para-isobutyralde- 
hyde to n-butyraldehyde and isobutyraldehyde respectively are homogeneous 
and first order over the pressure and temperature range investigated (1.3 to 
55 cm. of mercury; 215 to 261°C.). Under these conditions the reactions go 
to completion at a measurable rate without complications. Within experi- 
mental error the activation energies of these reactions are equal and are 
approximately the same as that of the paracetaldehyde decomposition. This 
value is between 42,000 and 44,000 calories per mole. The rates of decom- 
position of the two parabutyraldehydes are very nearly the same at any 
temperature. At 500° abs. the velocity constant of the iso-compound is about 
15% greater than that of the normal and about 100% greater than that of 
paracetaldehyde. The velocity constants at any temperature are given by the 
42,000. 

Ss ie 


The data are consistent with the idea that, for 





equations: para-n-butyraldehyde, In k = 33.12 — para-isobutyralde- 


hyde, In k = 34.06 — 2500. 
a series of reactions with the same energy of activation, an increase in the 
number of contributory internal degrees of freedom of a molecule will increase 
the probability of reaction. 





Introduction 


A study of the decomposition kinetics of various organic compounds in 
the gaseous state is being made in this laboratory (1, 2, 3, 4.). The present 
paper is concerned with the thermal breakdown of para-n-butyraldehyde and 
para-isobutyraldehyde to n-butyraldehyde and isobutyraldehyde respectively. 
As might be expected, these decompositions are very similar and closely 
resemble that of paracetaldehyde (4). Over the pressure and temperature 
range (1.3 to 55 cm. Hg; 215 to 261° C.) so far investigated all three reactions 
are homogeneous and first order. The pressure increase in each case is quite 
accurately 300%, so that the decompositions are for practical purposes com- 
plete. Within the probable limit of experimental error the activation energies 
of the three reactions are the same; viz., 42,000 to 44,000 calories per mole. 
In accordance with the idea that increase of molecular complexity at constant 
temperature should increase the reaction probability of an activated molecule 
if the activation energy remains unchanged (3), the parabutyraldehydes have 
been found to react somewhat faster than paracetaldehyde over the temper- 
ature range investigated. The two isomers have almost identical velocity 
constants at any temperature—those of the iso-compound being slightly the 
greater. 

1 Manuscript received September 15, 1933. 


C Contribution from the Laboratory of Physical Chemistry, Dalhousie University, Halifax, 
‘anada 


2 Associate Professor of Chemistry, Dalhousie University. 
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Experimental 


Apparatus and Technique 

The low volatility of the parabutyraldehydes necessitated some changes in 
the apparatus previously described (4). The vapor jacket on the manometer 
tube leading to the reaction chamber was replaced by a close-fitting heavy- 
walled copper tube wound with nichrome wire and heavily lagged with 
asbestos. The manometer could thus be heated electrically to any desired 
temperature. Small windows on opposite sides of the copper tube enabled 
the mercury surface to be brought to a definite level. A view of the mercury 
surface was necessary also to observe the time of explosion of the small bulb 
containing the reactant and to make sure that all of the reactant evaporated. 
A mercury thermometer, the bulb of which was sunk in the wall of the copper 
tube, served to indicate the temperature which was regulated by hand with 
suitable rheostats and kept constant to within 0.5°C. during a run. The 
readings of this thermometer were plotted against the pressures registered by 
the manometer when the mercury was held in position with the reaction 
chamber evacuated. The curve obtained was used in correcting the observed 
pressures of the velocity measurements. As this correction, which is the 
resultant of the vapor pressure of the mercury and the difference in density 
of the hot and cold sides of the manometer, is purely empirical, a knowledge 
of the true temperature of the mercury surface is not necessary in obtaining 
the actual pressure of the reaction mixture. A voltmeter across the heater 
was found convenient in correcting for changes in line voltage before they 
could affect the temperature. 


The first 38 runs with para-n-butyraldehyde were made in the apparatus 
just described. At this point an explosion (due probably to a leak of air 
through a crack in the glass) destroyed this set-up, which was replaced by a 
larger one consisting of a one-litre round-bottomed Pyrex flask (reaction 
chamber) sealed inside a similar flask of two-litre capacity (the mercury vapor 
jacket). The manometer below the reaction chamber was heated electrically 
as already described. The mercury was introduced by hydrostatic pressure 
through a three-way tap and all-glass connections from an overhead reservoir. 
It was removed through the other way of the stopcock to a trap which could 
be emptied by a tap at the bottom. This mercury was cleaned with nitric acid 
and distilled before being returned to the reservoir so that only clean mercury 
which had not come in contact with rubber could enter the apparatus. A 
50-cc. Pyrex Erlenmeyer flask, to the bottom of which finely broken glass 
was fused to prevent bumping (6), served as the mercury boiler. It was 
heated electrically. A supplementary heater (coils of nichrome wire embedded 
in the heavy lagging of asbestos cement about the two-litre flask) was neces- 
sary at the higher temperatures. The mercury boiler was connected to a 
20-litre volume, the pressure of which could be kept constant to well within 
0.1 mm. by an automatic regulator described elsewhere (5). 


This apparatus has proved to be very satisfactory. It may be left to 
itself for an indefinite time—frequently running for weeks without a shut- 
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down. It is customary to allow the reaction to finish during the night (the 
temperature is raised temporarily toward the end if necessary) and the final 
pressure which is needed in the calculations is determined the next day 
before starting another run. At the higher temperature several runs may 
be made in one day. 

In order to diminish the effect of any systematic errors the runs were 
made in as random an order as was conveniently possible. The experiments 
listed in Table I were interspersed with many velocity measurements on 
various other paraldehydes and esters. 


Purification of the Paraldehydes 

The first 38 runs with para-n-butyraldehyde and the first 10 runs (also the 
bulb experiments to be described) with the iso-compound were made with 
samples distilled from material supplied by the Eastman Kodak Company. 
The remaining runs in each case were made with a very small middle fraction 
obtained after several fractional distillations (n-compound) and sublimations 
(iso-compound) in vacuo of-a relatively large quantity of the original material. 
A special all-glass apparatus without stopcocks was used in each case. As 
no difference in reaction velocity before and after purification was apparent 
in either compound it was probable that no catalytic impurities were present. 
It may be mentioned here that the erratic behavior occasionally observed in 
the paracetaldehyde decompositions (4) was less noticeable with para-n- 


butyraldehyde and was practically absent in the case of para-isobutyralde- 
hyde. As the decompositions of the latter compound are the most repro- 
ducible of the three reactions, the data obtained in this case are considered 
to be the most reliable. 


Reaction Products 

As no products other than the aldehydes themselves appear possible from 
such low temperature depolymerizations of the para compounds, no attempt 
was made to identify the substances produced in the decompositions. The 
fact that the pressure just triples and that the observed and calculated final 
pressures agree as closely as can be measured, is considered to be sufficient 
proof that the decompositions are not complicated by side reactions. The 
products in each case are quite stable at the highest temperatures employed, 
the final pressures increasing only very slightly over a period of several days. 
Velocity Constants Results 


2P. 
As in the case of paracetaldehyde (4) the expression log 7P.—P was plotted 


against time (seconds) and a velocity constant determined for each run from 

the slope of the best straight line through the points, {k (sec~') =slope X 2.3}. 

In no case did these points deviate appreciably from a straight line before 
2?. 

log PP =0.6; P=2.5 P,; 

mole fraction of para compound remaining=0.1). A small drift up or down 

after this point was occasionally observed, particularly in the case of the 


the reaction was about 75% complete (i.e., 
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runs at the lower pressures, and in all probability is simply due to the in- 
creasing importance of the error in P, as 3 P,—P diminishes. As already 
mentioned the para-n-butyraldehyde runs resemble those of paracetaldehyde 
in occasionally showing a greater deviation from the mean than the probable 
experimental errors will account for, e.g., runs Nos. 25 to 29, Table I. These 
irregularities, which have not yet been explained nor eliminated, are most 
apparent at pressures below about 5 cm. and may be due to traces of catalysts. 

The results obtained with the apparatus described above are given in 
Table I, the headings of which are in most cases self-explanatory. In column 
No. 3 are listed the approximate pressures of mercury vapor in the reaction 
chamber. It will be observed that these pressures vary from 1.2 to over 
80 mm. of mercury without appreciably affecting the reaction velocities. 
The observed initial pressures (column No. 4) are actually one-third of the 
observed final pressures. It is impossible to determine the initial pressures 
directly with sufficient accuracy. The pressures of column No. 5 were cal- 
culated by the ideal gas laws from the weight of material taken. In general 
the agreement between the observed and calculated values is so good that it 
is immaterial which is used for evaluating k. In columns Nos. 7 and 8 are 
given the mean values of 1/T and —log & for all the runs at any one temper- 
ature. Runs Nos. 25 to 29 with para-n-butyraldehyde were omitted in 
calculating —log k for 527.1° abs. as the velocity constants of these runs seem 
suspiciously high. No explanation can be offered for this discrepancy although 
the presence of air was suspected. Accordingly runs Nos. 30 and 31 were made 
with about 2 mm. air pressure in the reaction chamber and runs Nos. 32, 33, 34 
and 35 were started in an exceptionally high vacuum (<10-cm. Hg). As Table 
I shows, a few millimetres pressure of air has no appreciable catalytic effect. 


TABLE I 
SUMMARY OF RESULTS 


Run | Temp., Pug, P. (obs.), | Po (caled.), 
No. ° abs. mm. cm. Hg cm. Hg 
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TABLE I—Concluded 


SUMMARY OF RESULTS 


Run Temp., Pug. P. (obs.), | Po (caled.), 
oO. ° abs. mm. cm. Hg cm. Hg 


Para-n-butyraldehyde—Concluded 
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Para-isobutyraldehyde 


3 488.2 
10 488.0 


11 493.5 
12 493.5 


13 506.2 
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Homogeneity of the Reaction ; 

With the object of testing the homogeneity of the reactions and of obtain- 
ing by an entirely different method a further check on the data in Table I, 
a few experiments were carried out in sealed glass tubes. These tubes (made 
of thin-walled Pyrex 2-3 cm. inner diameter; 30 to 100 cc. capacity) were 
provided at one end with a capillary tube ending in a small (1-2 cc.) bulb 
into which the contents of the tube could be frozen, sealed off, and finally 
analyzed by a melting point determination. The surface-volume ratio could 
be increased by the addition of lengths of glass tubing. Small glass capsules 
containing a weighed amount of para-isobutyraldehyde (the reaction mixtures 

of which melt over a con- 
venient temperature range) 
were placed in the clean dry 
tubes which were sealed to a 
manifold thoroughly evacu- 
ated and sealed off. They 
were then placed in a con- 
stant temperature air bath 
(to be described elsewhere) 
where the capsules burst and 
the reaction proceeded in the 
vapor state. After a definite 
time in the thermostat the 
tubes were removed and 
rapidly cooled. The contents 
were then condensed at 
— 78° C. into the small bulb 
which was finally sealed off 
from the main tube. A rough 


freezin int curve of mix- 
Fic. 1. —Log k plotted against * Curve I. Paracetal- Str 


Pom tures of isobutyraldehyde and 
| en |. ana aldehyde, Curve III. para-isobutyraldehyde had 


previously been determined, 
so that an approximate analysis of the material in the small bulb was afforded 
by a melting point determination. The volumes of the tubes were ascertained 
after the reaction and the initial pressures were calculated from the weight 
of material taken. 


Twelve such tubes were run at 506.5° abs. for 150 min. The initial pressures 
varied from 54 to 183 cm. of mercury and “the surface-volume ratio from 
2.3to15.4cm—. (The surface-volume ratio of the one-litre reaction chamber 
is about 0.5 cm~'). All the melting points were between 6 and 10° C. which, 
from the freezing point curve, corresponds to a 75 to 85% reaction. The 
data in Table I call for an 84% reaction under these conditions so that it is 
evident that the reaction velocity is unaffected, within limits of any rate, 
by the presence of glass surface or mercury vapor. 





PARA-n-BUTYRALDEHYDE AND PARA-ISOBUTYRALDEH YDE 


The Energy of Activation 


As is apparent from Fig. 1, the straight lines obtained by plotting T against 


—log k (columns Nos. 7 and 8, Table 1) for both parabutyraldehydes are close 
together and almost parallel. That of the iso-compound (Curve III) is a little 
above and has a slightly greater slope than that of the normal compound 
(Curve II). The corresponding activation energies are 42,800 and 42,000 
calories per mole respectively—quantities identical within the limit of error 
of the rate measurements and very nearly the same as the previously reported 
value for paracetaldehyde (Curve I), viz., 44,200 calories. Recent velocity 
measurements using highly purified paracetaldehyde indicate that this figure 
may be somewhat too high and that it is probable that all members of the 
series have the same activation energy. Until more accurate data are avail- 
able, however, the following equations may be taken as giving the velocity 
constants of the three compounds already investigated :—paracetaldehyde, 
44,200. oe _ 42,000 
In k = 34.83 — RT para-n-butyraldehyde, In k = 33.12 RT 
42,800 
RT 


Other members of the series including mixed and halogenated paraldehydes 
are being studied. 


para-isobutyraldehyde, In k = 34.06 — 
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THE DENSITY OF PROPYLENE IN THE LIQUID AND VAPOR 
PHASES NEAR THE CRITICAL TEMPERATURE! 


By C. A. WINKLER? AND O. Maass? 


Abstract 


The density of propylene in the liquid and vapor phases was measured over 
the range 66° to 92° C. by a refined dilatometer method and at the higher 
temperatures at the same time by a float method. Good agreement was found 
between the two methods, the latter being preferable in the neighborhood of the 
critical temperature. It was found that at temperatures below the critical, no 
variation in vapor density accompanied a change in the relative volume of the 
liquid. The data were obtained principally for an investigation to be published 
simultaneously on discontinuities above the critical temperature. 


In the past few years, the use of propylene in the study of critical and other 
phenomena has become very widespread, probably owing to the suitable 
critical constants of this substance, and to its polar molecular nature. Coin- 
cidentally, there has been an increased demand for accurate data on the 
physical constants of this substance. Many of these constants have been 
determined with sufficient accuracy for most purposes. Data on the density 
of propylene over a temperature range approaching the critical, in the liquid 
and gaseous phases, are not available however. Since these data were essential 
for the calculation of the surface tension reported previously (3), and for 
other investigations in progress in this laboratory, they were ascertained over 
a range of approximately 60°-92° C. 

The densities of the vapor at several temperatures were determined with 
the apparatus described elsewhere (4). In so doing, the float was elevated 
to some position in the bomb above the liquid phase, and the extension of 
the spiral ascertained in the usual manner. The temperature of the bath 
was maintained equalized throughout, and constant at any desired temper- 
ature to within 0.03°C. The effect of varying the relative volume of the 
liquid to the total bomb space was investigated, since it was known that at 
temperatures above the critical a decrease in the space available for propylene 
was paralleled by an increase of density. It was found, however, that at 
temperatures below the critical, no significant variation in vapor density 
accompanied a change in the relative volume of the liquid. Great care was 
taken in determining vapor densities below the critical temperature to ensure 
equilibrium between the phases. The values of the density which are recorded 
represent those obtained for constant readings of the extension during the lapse 
of at least an hour. It was found possible to obtain values for the density of 
the liquid phase by the same method, at temperatures not more than approxi- 
mately 3° C. removed from the critical point. The error in the determination 
of the vapor density of the liquid very near to the critical temperature should 
not exceed that involved in the calibration of the float, namely, 0.3%. 

1 Manuscript received November 16, 1933. 
Contribution from the Physical Chemistry Laboratories, McGill University, Montreal, 
Quebec, Canada. 
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The density of the liquid phase through the temperature range from 
60°-90° C. was determined by the dilatometer method. A dilatometer was 
constructed from Pyrex capillary tubing of approximately 1 mm. bore and 
2 mm. wall thickness. A bulb of approximately 0.7-cc. volume was blown 
at one end. Immediately above this bulb was sealed a finely drawn glass 
pointer to serve as a zero point on the stem. A bulb of some 1.5-cc. capacity 
was blown at a distance of 18 cm. from the pointer. The volumes of the 
bulbs were such that when the dilatometer was filled to a convenient distance 
above the pointer, the liquid occupied very nearly #$ of the total volume. 
This precaution was taken to avoid excessive motion of the meniscus, since 
it has been found from experience that in a tube containing this ratio of liquid 
to total available space, the meniscus remained practically motionless as the 
critical temperature was approached. 

The stem of the dilatometer was calibrated by introducing weighed quantities 
of mercury, and measuring the height of the mercury column, relative to the 
pointer, with a cathetometer after the addition of each successive portion. The 
volume was calculated for various positions in the stem, and a calibration curve 
plotted. The total volume was also ascertained by calibration with mercury. 

The dilatometer was thoroughly cleaned and dried, and propylene, prepared 
by the dehydration of isopropyl alcohol over alumina at 362° C. and purified 
by low temperature fraction- 
ation (as described by Coffin 
and Maass (1) and Maass 
and Wright (2) ), was intro- 
duced by low temperature 
condensation, until approxi- 
mately #$ of the entire 
volume was occupied by 
liquid. The dilatometer was 
then sealed off just above 
the upper bulb, and im- 
mersed in a bath of glycoline 
oil, the temperature of which 
could be maintained at any 
desired value, constant 
within 0.03° C., by manual 
control of resistances in series 
with the electrical heating 
elements. The position of 
the meniscus was ascertained 
at various temperatures with 





a cathetometer, with an error TEMPERATURE. °C. 
not exceeding 0.04 mm., the Fic. 1. Densities of vapor and liquid below the 
position in each case being critical temperature as determined by dilatometer 


r : and “‘float’’ methods. 
determined with reference to A 


the pointer affixed to the stem of the dilatometer. 
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The dilatometer was then carefully cleaned, dried and weighed with its 
contents. The tip was broken off, care being taken to prevent loss of frag- 
ments of glass, and the propylene allowed to evaporate. The dilatometer 
was then flushed with air and reweighed. From the data obtained dilato- 
metrically, in conjunction with the data for the vapor densities, the density 
of the liquid propylene at each temperature was calculated. The vapor 
densities were not determined at the same temperatures as the liquid densities; 
consequently, those values of the vapor density necessary in the calculation 
of the densities of the liquid were obtained from the vapor density-temperature 
curve. 

The data obtained for the vapor densities by the float method are set forth 
in Table I, those for the liquid densities, in Table II. Fig. 1 is a graphical 
representation of all the data obtained. 


TABLE I 
THE DENSITIES OF PROPYLENE VAPOR FROM 67.70° C. TO THE CRITICAL TEMPERATURE 





Temp., °C. 67.70 | 74.40 | 80.10 | 82.50 | 85.60 | 89.70 | 90.80 | 91.50 
Vapor density 0.0747; 0.0884; 0.1054) 0.1150) 0.13 0.1710, 0.1927; 0.2008 


TABLE II 


THE DENSITIES OF PROPYLENE LIQUID FROM 67.60°C. TO THE CRITICAL TEMPERATURE 





Temp., ° C. 67.60 | 72.50 | 77.60 | 82.70 | 87.50 | 89.70* | 90.70* | 91.60* 


Density 
of liquid 0.4080; 0.3937) 0.3771) 0.3 0.3136) 0.2983} 0.2776) 0.2390 


* These values were obtained by the float method; the remainder by the dilatometer method. 


Discussion 


These results need little or no discussion, except, perhaps to mention that 
the density of the liquid determined dilatometrically at 87.5° C. is probably 
somewhat too low, rather than the values at 89.7° C. being too high. The 
reason for this conclusion is not far to seek. At temperatures approaching 
the critical, the meniscus in the dilatometer became very restless, and also 
quite diffuse, both of which factors contributed to a relatively large experi- 
mental error in the case of the value at 87.5°-C. The float method, on the 
other hand, is not subject to these disadvantages. 
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DENSITY DISCONTINUITIES AT THE CRITICAL TEMPERATURE! 


By C. A. WINKLER? AND O. MaAass? 


Abstract 


A technique for measuring densities in various parts of a one- or two-com- 

nent system, raised above its critical temperature, is described. Considerable 
improvements over a method for this purpose recently described by one of the 
writers consist in greater flexibility of manipulation and in making possible a 
variation in the volume of space confining the medium during the experiment. 
Propylene and methyl ether were the two media examined. From the results 
the following generalizations regarding aberrations from the continuity of state 
were found to hold for both. , 


When either liquid was heated above the temperature at which the visible 
meniscus disappeared, the density below this point of disappegrance was found 
to be greater than that above. The density was uniform throughout each 
portion, undergoing a relatively sharp change in the small region where the 
meniscus was last seen. After one hour of temperature equilibrium, the differ- 
ence in density between top and bottom became constant and remained 
unaltered for six hours. Constant stirring or temperature fluctuations of the 
order of 0.02° C. do not alter this density difference. A decrease in the volume 
available for the medium increases the density difference between the top and 
bottom, a continuous relation existing between available space and density 
difference. With decrease in available space, the densities of both upper and 
lower portions of the medium increase, the density of the lower more rapidly 
than that of the upper. These results were reproducible quantitatively in the 
experiments carried out to date. The density difference for a fixed available 

ace decreases with rise in temperature and is measurable up to at least 10° C. 


$s 

above the critical temperature. A number of miscellaneous experiments are 
described which form the basis of work now being carried out. The theoretical 
significance of aberrations from the continuity of state is discussed to the extent 
warranted by the present stage of the experimental investigations, and tentative 
conclusions are drawn. 


Introduction 


Continuity of state at the critical temperature has been generally accepted 
until quite recently. O. Maass and coworkers (6, 8, 12) have recently recon- 
sidered the limitations within which this ‘‘continuity’’ may be said to hold. 
The incentive to this reconsideration was the observation by Sutherland and 
Maass (7) of a marked discontinuity of the velocity of reaction near the critical 
point. Earlier work, notably that of Cailletet and Hautefeuille (1), Galitzine 
(4), Traube (10), Teichner (9), Callendar (2), has pointed qualitatively to 
the existence of a discontinuity of properties at the critical temperature. The 
evidence adduced from these investigations was based, however, on experi- 
ments to which rather serious objections may be taken. Furthermore, the 
investigations were all made on one-component systems. The discontinuity 
observed by Sutherland and Maass (7), on the other hand, was the result of 
an investigation of a two-component system. Work was planned, therefore, 
to establish the applicability of the continuity postulate to systems of more 
than one component, or, conversely, the existence of a definite discontinuity 


1 Manuscript received November 16, 1933. . ; , i 
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in one-component systems. As a preliminary to the more detailed investiga- 
tion, the pressure-temperature relations in two-component systems, comprised 
of the substances to be investigated, were studied (11). 

Although investigations of two-component systems were definitely planned, 
work in progress at the time showed the desirability of developing an appar- 
atus and technique which would also be applicable to one-component systems. 
The determination of the surface tension of methyl ether and propylene by 
Winkler and Maass (12) pointed to a definite discontinuity in one-component 
systems, at the critical point, as did also an investigation undertaken later by 
Morris and Maass (6) on the sorption of propylene on alumina in the critical 
region. An investigation of the discontinuity of density in a one-component 
system by Tapp, Steacie and Maass (8) also pointed quite definitely to the 
fallacy of the continuity hypothesis. 

Tapp, Steacie and Maass (8) showed that, in the case of methyl ether, 
when a tube was filled with a mass which would show a rise or fall of the 
meniscus with temperature change, a definite density difference persisted in 
the medium above the so-called critical temperature. These authors showed 
that this difference persisted at temperatures above the critical in spite of 
stirring for indefinitely long periods of time. A most interesting fact observed 
was that the difference in density was in the form of a discontinuity in that 
portion of the medium where the meniscus had disappeared, thus showing 
that the observations could not be explained on the bases of a gravitational 
effect or high compressibility of the medium at the critical temperature. 
Unexpectedly, it was observed that a temperature gradient in the bath, the 
top being slightly cooler than the bottom, eliminated the discontinuity or 
density difference. 

It was found also that reproducible results were obtained for each particular 
bomb investigated. The actual magnitudes of the difference varied from one 
bomb to another, and could not be related owing to the lack of exact infor- 
mation concerning the mass-volume relations in the various bombs. In 
other words, the existence of a persistent density difference above the critical 
temperature in the case of a liquid was established qualitatively. It is, of 
course, recognized that these liquids may possibly be contaminated by traces 
of catalysts. It obviously became necessary to carry out the investigations 
in such a way that quantitative, and not merely quclitative, relations could 
be established, before any theoretical deductions concerning the nature of 
the liquid and gaseous states could be made. It was for this reason that the 
work described in the present paper was undertaken. 


Although, as previously stated, the original’ intention was to investigate 
two-component systems, the apparatus designed for such systems having 
been completed when the first results of Tapp, Steacie and Maass were 
obtained, full attention was directed to one-component systems in an endeavor 
to establish the experiments on a quantitative basis. This was done only 
because the flexibility of the apparatus described herein makes possible 
numerous experiments and a high degree of efficiency, which cannot be 
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obtained in the type of apparatus described by Maass and coworkers. With 
the apparatus developed by the authors, it has been possible, not only to 
confirm the results of Tapp, Steacie and Maass (8), but also to establish the 
experiments on a quantitative basis, and add considerably to the present 
knowledge of one-component systems. As will be evident, the experimental 
technique has been greatly improved. In spite of this, however, the accumu- 
lation of essential data took considerable time. While it would have been 
highly desirable to have suspended publication until an incontrovertible 
number of data had been obtained, the award of a Rhodes scholarship to the 
junior author necessitated his discontinuance of the problem, and made 
imperative publication of the results obtained to date. 


Apart from the investigation of factors governing discontinuity of density 
above the critical temperature, the densities of liquid propylene and its 
equilibrium vapor were measured over a considerable range of temperature 
up to the critical. These data were necessary for the calculation of the surface 
tension of propylene reported by Winkler and Maass (12), and also in the 
investigation of sorption in the critical region by Morris and Maass (6). 
Aside from this, the data serve to show the splendid agreement obtained 
between densities measured by means of the McBain-Bakr quartz spiral 
balance and those determined dilatometrically. 


Experimental 


A pparatus 


In its essential aspects, the apparatus is represented in Fig. 1. Two steel 
bombs, constructed and assembled as outlined by Winkler and Maass (11), 
were connected to a 
Cailletet pump in the 
manner described. A 
heavy-walled Pyrex glass 
tube, some eight feet in 
length, having a U-bend 
as shown in the diagram, 
was sealed at one end to 
a glass bell in the second 
steel bomb. The glass 
portion of the assembly 
was effectively sealed to 


the metal portion as pre- Fic. 1. Diagram of apparatus for measuring densities 
viously described (11). above critical temperatures. 





A glass bomb was constructed from Pyrex tubing of 1.5 cm. internal 
diameter and 4 mm. wall thickness. The tubing was selected with special 
reference to its optical properties and freedom from apparent flaws. A 
length of capillary tubing was sealed to one end, and bent so as to pass close 
to the wall of the bomb, and extend slightly beyond its upper end. 
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The float, glass pulley and counterweight (consisting of a wire nail in a 
glass sheath) were similar to those used by Tapp, Steacie and Maass (8). 

The volume displacement of the float, with hook attached, was determined 
with a pycnometer. The weight of the float was also determined and from 
these data the effective density was calculated. The error in the calibration 
of the float was less than 0.3%. 


A silk thread, fastened to the hook on the sheath surrounding the nail, 
was passed -over the pulley, and attached to a glass counterweight. The 
thread passed through small glass loops sealed to the under side of the short 
glass tube carrying the pulley. One of these was located along a diameter 
of the tube, and served to maintain the end of the thread which carried the 
counterweight centrally in the bomb. The other loop was fixed to the peri- 
phery of the tube, and served to prevent the nail from swinging towards the 
central portion of the bomb. 


To the bottom of the counterweight was attached a machine-wound, 
calibrated quartz spiral. The fibre constituting the spiral was approximately 
0.08 mm. in diameter, the spiral itself being 4.305 cm. long (the “normal” 
length), with a diameter of approximately 0.5 cm. The spiral was calibrated 
by suspending it from a rigid support, attaching weights of varying magnitude 
to the lower hook of the spiral, and determining with a vertical cathetometer 
the total length corresponding to each weight. The normal length, 1.e., with 
no weight attached, was also determined. From these data the sensitivity 
of the spiral was calculated by dividing the weight in grams by the correspond- 
ing extension in millimetres. The sensitivity was found to be 0.00512 gm. 
per mm. and practically independent of the load imposed, except for very 
small extensions. Fatigue of the spiral under stress does not occur over a 
period of as much as six months. 

The assembly, comprised of the float, spiral, and the nail and sheath with 
their counterweight, suspended from the pulley, was carefully inserted into 
the glass bomb, and allowed to rest on diametrically opposite indentations 
in the wall of the bomb. A short piece of capillary was then sealed to the 
upper end. To prevent destruction of the silk thread suspension, due to 
conduction and radiation of heat while drawing down the tube and effecting 
the seal, the bomb was immersed in water to a point slightly above the location 
of the pulley. The unit was then sealed to the capillary leading to the system 
of steel bombs and Cailletet pump, in the manner indicated by the diagram. 

The wall of the float was relatively thin; the float was therefore tested for 
possible changes in effective density due to compression at high pressures. 
It was attached to a quartz spiral, and suspended in a water-filled Pyrex 
glass bomb, connected to the Cailletet pump. A small weight, sufficient to 
cause submergence, was attached to the float. After sealing off the bomb, 
various pressures were applied, and the extension of the spiral determined at 
each pressure with a cathetometer. Duplicate determinations showed no 
change in the extension of the spiral, even at pressures up to 60 atm. Since 
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the compressibility of water is negligible at pressures of this magnitude, it 
was concluded that no significant variation in the effective density of the 
float would occur over the range of pressures to be encountered. The test 
also proved that the float was capable of withstanding the required pressure 
without collapsing. 


Motion of the spiral and float within the bomb was effected magnetically. 
A solenoid, capable of carrying 10 amperes, and provided with an iron core, 
was mounted on a carrier which could be moved vertically on a grooved 
brass rod, which also carried adjustable supports for the glass bomb. By 
suitably arranging the magnet relatively to the bomb, the core was maintained 
at a distance of approximately 2 mm. from the wall of the bomb throughout 


its length. True vertical positions of both the brass rod and the bomb were 
obtained by plumb lines. 


To facilitate moving the magnet, a chain connected to the carrier was 
passed over a toothed wheel, and a counterweight suspended from the other 
end. On the same axle as the toothed wheel was fixed a large pulley, from 
which a belt passed to another pulley some eight feet distant. This enabled 
the magnet to be moved by the operator at a distance from the bath. 


The thermostat contained three gallons of dibutyl phthallate. This liquid 
was much superior to various oils which have been used, since it undergoes 
no apparent decomposition at the temperatures employed in this investigation. 
Three electric heaters, of 500 watts capacity each, and individually regulated 
by manual control of external resistances, were installed. These were located 
at as great a distance from the bomb as available space in the bath permitted, 
two passing down the side of the container, and one being located near the 
surface of the liquid. The rate of stirring could be regulated at will. 


Since temperature control was of fundamental importance and the existence 
of a temperature gradient between the top and bottom of the thermostat 
must be avoided, a copper-constantan thermocouple was placed in the bath. 
Four junctions were located near the top of the bomb, and four near the 
bottom. It was connected to a sensitive galvanometer, placed at a distance 
of approximately 1} metres from a scale. A deflection of 1 cm. on the scale 
resulted from a temperature difference of approximately 0.02° C. between 
the top and bottom of the bath. When desired, a temperature difference 
could be maintained or eliminated by suitable alterations in the current 
passed through the heaters. Temperatures were ascertained with a standard- 
ized thermometer, with an error not exceeding 0.03° C. 


Changes in the extension of the quartz spiral were determined with a 
cathetometer, with an accuracy of 0.02 mm. To facilitate observation, a 
microscope objective (16 mm.) was fitted into the optical train. All readings 
were made to include the loops at the ends of the spiral. 


Since shattering of the glass bomb at high pressures was a possibility, 


precautions similar to those described previously (8) were taken to protect 
the operator. 
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Preparation and Purification of Materials 


Methyl ether was prepared in the manner indicated by Winkler and Maass 
(11). Propylene was prepared by the dehydration of isopropyl alcohol over 
alumina at 362°C., and purified by low temperature fractionation, as pre- 
viously mentioned (3, 13). Since impurities might have a large influence on 
the nature of the phenomenon at the critical temperature, great care was 
taken to obtain a maximum degree of purity with the facilities available. 
Dehydration was thorough, and the low temperature fractionations were 
carried beyond the point at which the substances were ordinarily deemed of 
sufficient purity for other purposes. Constancy of vapor pressures and 
critical temperatures were taken as criteria of the purity. Only when these 
physical constants showed no change upon successive distillations were the 
substances considered of sufficient purity for the purpose of this investigation. 


Manipulation of the Apparatus 


Although the manner in which the apparatus was applied to the investiga- 
tion of various problems relating to density will become more evident by the 
presentation of the results obtained, a few general remarks should be made 
at this point. 

Prior to the introduction of the liquid which it was desired to investigate, 
mercury was pumped from the steel bombs to some point along the capillary 
connecting the glass bomb to the Cailletet pump assembly. By freezing the 
mercury at the U-bend in this capillary with a mixture of solid carbon dioxide 
and acetone, the bottom of the bomb was virtually sealed. When desired, 
however, the mercury seal could be permitted to liquefy, and the volume of 
the space available for the liquid under investigation readily changed by 
altering the position of the mercury in the capillary, or in the bomb itself, 
by manipulation of the pump. 

To introduce the liquid into the glass bomb containing the quartz spiral 
assembly, the short capillary at the top of the bomb was sealed directly to 
the low temperature fractionating unit in which the liquid was prepared. A 
mixture of solid carbon dioxide and acetone was then introduced into the 
thermostat, and the liquid permitted to distil into the bomb, which had 
previously been evacuated and flushed several times with vapor of the liquid 
under investigation. The quantity of liquid introduced was ascertained by 
effecting the last distillation from a graduated tube. When the desired amount 
of liquid had been condensed into the bomb, the top capillary was drawn off. 
The carbon dioxide-acetone mixture was then removed from the thermostat, 
and the dibutyl phthallate introduced. In actual practice a small electric 
heater was fitted over the top capillary, since this protruded above the level 
of the thermostat fluid. When desired, the temperature of the capillary 
could be maintained above that of the remainder of the bomb, or, by shutting 
off the heater, the capillary served as a region for condensation of the liquid 
in certain experiments in which this was desirable. 
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Prior to carrying out an experiment, the zero point of the thermocouple 
was adjusted by shorting the galvanometer with a copper wire directly across 
the terminals. A long wire was avoided, since there was a possibility of 
temperature differences over the greater distance which would result in a 
slight thermoelectric current, with a consequent false zero adjustment. It 
might be argued that, since the thermocouple was permanently located, with 
junctions at both ends of the bomb, there was no definite assurance that there 
did not exist unascertained temperature variations in portions of the bath 
between the thermocouple junctions. To insure that such differences did not 
exist, and to act as a check on the thermocouple employed, a second thermo- 
couple was inserted into the bath. The upper junctions of this thermocouple 
were flexible, which enabled any portion of the bath to be explored at will. 

The incorporation of an expansion chamber, consisting of a short length 
of bomb tubing, in the capillary line between the mercury seal and the glass 
bomb, assisted materially in manipulation. 

A blank run was made to determine whether or not the three-gallon Pyrex 


-jar containing the thermostat fluid, or the glass bomb itself, produced any 


optical aberration. The extension of the spiral was measured at centimetre 
intervals in the bomb, the liquid being contained in the expansion chamber 
in the capillary line. The temperature was held constant. In this way, the 
float was in the vapor phase, of constant density, throughout the series of 
measurements. Any inequalities in the length of the spiral were noted, and 
corrections applied to all subsequent readings for corresponding positions in 
the bomb. This aberration was never large, but in some positions was in 
excess of the experimental error. As will be seen later, a correction was 
applied for such positions. 


Results and Discussion 
Preliminary Work (with Methyl Ether ) 

The apparatus having been assembled at the time Tapp, Steacie and Maass 
(8) were obtaining results with the apparatus described by them for one- 
component systems, it was deemed advisable to confirm their results qualita- 
tively in an independent manner. Methyl ether was introduced, therefore, 
into the bomb, and experiments similar to those previously described were 
conducted. In general, the results obtained were in entire agreement qualita- 
tively with those obtained by the above authors. It was found that a definite 
density difference persisted in the medium at temperatures above the critical, 
in positions above and below that at which the meniscus disappeared. Neither 
extreme care in equalization of the temperature in the bath, nor vigorous 
stirring of the medium eliminated the difference in density. Evidence was 
obtained also that time alone did not govern the magnitude of the density 
difference, a constant difference obtained after approximately 45 min. per- 
sisting for an hour or more. Increase of temperature resulted in a decreased 
density difference in the upper and lower portions of the tube, but the differ- 
ence persisted at temperatures considerably above the critical. 
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To economize space, the results obtained in the preliminary studies are not 
recorded. Minor discrepancies observed were found to be due to lack of 
experience with the apparatus, and the results obtained later were much 
more reliable. 


Propylene 

Propylene was introduced into the bomb, in place of the methyl ether. 
This was done for two main reasons: first, to obtain data necessary for the 
calculation of the surface tension of propylene, reported by Winkler and 
Maass (11); second, to determine whether or not propylene behaved similarly 
to methyl ether in exhibiting a definite difference in density above and below 
the position at which the meniscus disappeared, at temperatures above the 
critical. The data obtained for the vapor density of propylene over a temper- 
ature range from 67.70° C. to the critical point, and the density of liquid 
propylene very near the critical temperature, are set forth elsewhere (13). 
It should be pointed out that while obtaining these data, the propylene was 
permitted to occupy the entire volume of the bomb. 

In the following, the mass-available volume is defined by the volume, in 
the bomb above the mercury, available for the propylene, irrespective of 
whether it is liquid or gaseous. 

Maintaining the mass-available volume relation the same as stated above, 
the temperature was raised above the critical, which was determined as 92.0° 
C., and held constant at 93.40° C. The medium was vigorously stirred by 
raising and lowering the spiral assembly in the intervals between taking 

readings. Time is not re- 





TABLE I corded, since readings of the 
DENSITY OF PROPYLENE ABOVE AND BELOW POSITION extensions were taken in all 
WHERE MENISCUS HAD DISAPPEARED cases until no variation was 
noticeable over a period of 
d (bottem) half an hour in the density 
———s @t’_ amy given position in the 
0.2142 bomb. The temperature was 
et equalized throughout the 
bath. The results are shown 
in Table I. 


These data, in conjunction with those mentioned (13) are graphically 
represented in Fig. 2. The striking dissimilarity between the parabolic curve 
(13, p. 611) which represents the classical continuity hypothesis, and the curve 
shown in Fig. 2 of this paper, illustrates the marked discontinuity which has 
been observed consistently throughout the present investigation. It should 
be emphasized, perhaps, that the magnitude of the difference in density 
above the critical temperature has been shown by later work to depend on the 
relative space available for the medium in the bomb. Below the critical 
temperature, however, it was experimentally determined that the relative 
volume of liquid present had no ascertainable influence on the vapor or liquid 
densities. Since the data represented in Fig. 2, both above and below the 
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critical temperature, were obtained with the same relative volume of 
liquid in the bomb, it is justifiable to compare the two types of curves, 
irrespective of the absolute magnitude of the density difference observed 
above the critical tempera- 
ture. 

That propylene behaved 
in a manner similar to 
methyl ether was further 
shown by determining the 
density in various positions 
in the bomb. The relative 
volume of liquid to total 
available space was con- 
stant (though not the same 
as previously described); 
the temperature was also 
maintained constant and 
equalized at 93.40°C. The "50 
float was moved to various | 
positions in the bomb, and 
the densities at these 
positions ascertained. The 
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meniscus disappeared at a °°°es 7 8s 95 
reading of 28.5 cm. h ee <7 
eading a oe Fic. 2. Extension of classical density vapor-liquid curve 
cathetometer. above critical temperature. 

TABLE II 


RELATION BETWEEN POSITION OF FLOAT AND DENSITY OF PROPYLENE 


Position of float, cm. 19.875 | 20.350 | 26.020 | 27.850 | 31.870 | 35.060 
Density, gm./cc. 0.2142 | 0.2145 | 0.2145 | 0.2150] 0.2056] 0.2056 





NotTe.—Temp., 93.40° C. 


It will be observed that the discontinuity in density occurs in the region 
where the meniscus disappeared. A more detailed study of this phase of the 
problem is given later. 

At this juncture it was necessary to clean the glass bomb, owing to slight 
impurities from the mercury having been left on the internal wall. That this 
was possible serves to illustrate very markedly the flexible nature of the 
apparatus. The silk thread was drawn up through the opened capillary at 
the top, after which, by very careful manipulation, the bomb was cleaned 
with chromic acid, water, alcohol and ether, and thoroughly dried. The 
bomb was removed from the bath for this purpose. 

The bomb was again sealed into place, and a freshly prepared sample of 
propylene distilled into it. It was the intention to determine whether or not 
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a definite relation existed between the density difference and the relative 
volume of propylene to total bomb space. For this purpose, the meniscus 
was set at various positions in the bomb, this position being ascertained on 
the cathetometer. The densi- 
ties at the top and bottom of 
the bomb were determined for 
each position, readings being 
taken at definite intervals of 
time until constant values were 
obtained. A typical time-density 
curve for propylene is shown 
in Fig. 3. 

The meniscus was first set 
at 23.3 cm., and the density 
difference observed was 0.0299. 


With a setting at 25.5 cm., the 
eee difference was 0.0382, and at 
METHYL ETHER 
40 60 80 100 


0.0500 





e 
° 
0.0000 
° 


20 


26.5 cm., 0.0418. All positions 
were recorded at room tempera- 


ture, experience having shown 
Fic. 3. Relation between time and density equil- ee 
ibrium at constant temperature. that variations of as much 


TIME IN MINUTES 


as 10° C. did not appreciably 
alter the position at temperatures of approximately 30°C. The essential 
point to notice is the marked and regular increase in the density difference 
as the available space in the bottom was reduced by the introduction of 
mercury. The relation between the density difference in positions above and 
below that at which the meniscus disappeared, and the relative volume of 
propylene to total bomb space is shown in Fig. 4. This relation will become 
more evident in results to be presented later. 


Unfortunately, before the investigations with propylene could be con- 
tinued, the silk thread 
slipped off the pulley in the 
bomb. This necessitated 
opening the capillary at 
the top of the bomb, with 
consequent loss of the pro- 
pylene. With the aid of a 
fine, hooked wire, it was 
relatively easy to repair the 
apparatus. Methyl ether 





being available at the time, ae eee, 
. ° RELATIVE POSITION OF MENISCUS 
however, and time being APPROX 30°C 


limi in i Fic. 4. Relation between density difference between upper 
= ' which - — and lower portions of medium, and relative volume of bomb 
further investigations, it Space, as given by position of meniscus at room temperature. 
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was deemed advisable to use methyl ether for other experiments which 
had been planned. All data presented hereafter, therefore, refer to methyl 
ether as the medium. 


Methyl Ether 
The first study undertaken was the influence of time on the attainment of 
equilibrium values of the density above and below the position at which the 
meniscus disappeared. The meniscus was adjusted to a position ascertained 
as 23.2 cm. on the cathetometer. The temperature was maintained constant 
TABLE III and equalized throughout the 
bath at 128.8°C., 7.e.,1.8°C. 
above the critical temperature 
as defined by the disappear- 


INFLUENCE OF TIME ON DENSITY DIFFERENCE 


Time, Density : - 
min, | 4 (bottom) | 4 (top) difference ance of visually apparent in- 
homogeneity in the medium. 
i ose oa 0.0279 Values of the density at the 
25 po > tae or top and bottom of the bomb 
40 0. 2568 0. 2401 0.0167 were determined at definite 
a saan * aane paged time intervals. The resultsare 
120 0. 2568 0.2401 0.0167 shown in Table III and gra- 


—— a phically represented in Fig. 3. 

The data are in very good agreement with those of Tapp, Steacie and 
Maass (8), and show that equilibrium is established after approximately one 
hour. Stirring the contents of the bomb by raising and lowering the spiral 
assembly numerous times had 
no effect on the density 
difference finally established. 

A study was next made of 
the relation between the dif- 
ference in density observed in 
positions above and below 
that at which the meniscus 
disappeared, and the relative 
volume of the bomb occupied 
by the liquid. As a measure 
of this relative volume, the 
position of the meniscus at- 
approximately 30°C. was 
assumed. This position was 
set to various values, and the 
densities determined in the 
usual manner at various posi- 


RELATIVE POSITION IN BOMB IN CENTIMETRES 





tions in the tube. In no case Fic. 5. Relation between densily and position in 

ge bomb for various bomb spaces as given in Table IV. 
was equilibrium assumed to Relative meniscus position (room temperature)— 
be established in less than Curve 1,20.0cm.; Curve 2, 20.5 cm.; Curve 3, 21.2 


; ‘ cm.; Curve 4,22.5 cm.; Curve 5, 23.1 cm.; Curve 6, 
two hours, which is twice 23.3 cm. 
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the time indicated by the time-density curve. Stirring inside the bomb was 
vigorous, and the temperature equalized in all cases. The results obtained 
are set forth in Table IV and graphically represented in Fig. 5. 

TABLE IV 
RELATION BETWEEN FLOAT POSITION AND DENSITY CORRESPONDING TO RELATIVE VOLUME OF 


BOMB OCCUPIED BY THE LIQUID AS INDICATED BY MENISCUS POSITION AT 25°C. 
MEASUREMENTS ALL MADE AT 2° ABOVE THE CRITICAL TEMPERATURE 








*A = 20.0cm.; A = 20.5cm.; A = 21.2cm.; A = 21.8cm.; 
B = 15cm. B = l6cm. B = 20cm. B = 23.5 cm. 
Float . Float . Float , Float ad 
position Density position Density position Density position Density 


14.300 0.2145 14.525 
14.925 0.2145 15.370 
15.710 0.2125 16.765 
19.295 0.2084 17.325 
23.170 0.2081 19.825 
24.465 0.2081 21.335 
26.405 0.2081 26.080 
29.440 0.2081 29.945 
32.915 0.2081 33.600 


2254 16.480 0.2329 15.610 0.2469 
2254 17.420 0.2326 19.725 0.2466 
2252 17.995 0.2326 20.430 0.2463 
2247 19.320 0.2326 22.835 0.2466 
20. 0.2326 25.450 0.2435 
2193 22.210 0.2296 26.145 0.2415 
2183 23.715 0.2271 28.010 0.2380 
2183 25.560 0.2251 29.850 0.2377 
. 2183 27.925 0.2248 30.855 0.2373 

29.215 0.2251 33.425 0.2370 

30.920 0.2251 

33.530 0.2251 

34.050 0.2248 
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| 
A = 22.5cm.; B = 24.0cm.|A = 23.1cm.; B = 24.0cm.|A = 23.25cm.; B = 24.50cm. 





Float Float Float 


position Density position Density position Density 
15.675 0.2490 16.000 0.2544 16.385 0.2568 
17.210 0.2490 18.220 0.2544 18.750 0.2568 
18.930 0.2490 18.990 0.2544 21.645 0.2565 
20.695 0.2490 21.275 0.2544 22.830 0.2562 
21.590 0.2483 23.120 0.2548 24.020 0.2559 
23.390 0.2466 24.350 0.2524 24.855 0.2540 
26.025 0.2421 26.225 0.2509 26.010 0.2531 
31.245 0.2370 27.935 0.2455 27.560 0.2493 
32.770 0.2356 30.340 0.2384 29.120 0.2452 
34.650 0.2356 33.860 0.2384 30.690 0.2432 

32.465 0.2408 


* A=position of meniscus at 25° C.; B=approximate position of meniscus at the critical 
temperature. 


Perhaps the most evident feature of all the curves obtained is the character- 
istic discontinuity in density in the portion of the medium where the meniscus 
was last visually evident. This fact is in entire agreement with the results 
obtained by Tapp, Steacie and Maass (8), and with those noted previously 
in this paper where propylene was the medium. The family of curves also 
exhibits a feature which was not noticed previously, owing to the unavoidable 
differences in size of bomb tubing, and other variations. From the present 
work it is evident that an increase in the space available for the medium 
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results in a sharper discontinuity, as indicated by density measurements. 
The curve obtained when the meniscus was set at 22.5 cm. represents values 
of the density taken after six hours continued running at 128.8° C. with the 
temperature equalized throughout the bath during the whole period. This 
was done in an effort to eliminate the density difference due to time alone. 
Stirring was frequent and vigorous. No significant decrease in the difference 
occurred after a period of approximately one hour. 

Tapp, Steacie and Maass (8) found that for one bomb no density difference 
prevailed above the critical temperature. This was tentatively attributed to 
the particular amount of liquid contained in the bomb, such that the meniscus 
remained practically in its original position throughgut the rise in temper- 
ature. For a rising or falling meniscus, however, a density difference was 
observed above the critical temperature. It was of interest, therefore, to 
determine whether or not the density difference fell to a minimum value for 
some particular position of the meniscus. The curves represented in Fig. 4 
serve to provide this information. From a consideration of the curves, there 
seems to be no indication of other than a continuous variation of density 
difference for different relative mass-available volume relations. 

The regularity of the relation between density difference and the available 
space in which the medium is contained is emphasized by a plot of the values 
of the difference in density against the positions of the meniscus at approxi- 
mately 25°C. The trend of this relation is shown in Table V and graphically 
represented in Fig. 4. 

TABLE V 


RELATION BETWEEN THE DENSITY DIFFERENCE ABOVE THE CRITICAL TEMPERATURE AND THE 
POSITION OF THE MENISCUS AT APPROXIMATELY 30° C, 


Position of meniscus, cm.|20.0 20.5 21.2 21.8 22.5 23.1 23.2 23.5° 
Density difference 0.0064} 0.0071} 0.0081} 0.0096) 0.0134) 0.0160) 0.0167) 0.0184 


*A two-point run—above and below position at which the meniscus disappeared. 


Throughout the range of positions investigated, no indication of a minimum 
in the eurve is to be noticed. This fact leads at once to the conclusion that 
the tentative explanation advanced by Tapp, Steacie and Maass (8) to 
account for a zero difference of density in the particular bomb mentioned is 
erroneous. 


The regularity of the relation between the density difference and the 
original position of the meniscus establishes an additional very important 
fact; namely, that the problem of discontinuity of density in one-component 
systems is capable of quantitative elucidation. The variations in the densities 
in the upper and lower portions of the media in the tube can be plotted 
separately against the amount of available space. This is shown in Fig. 6, 
where the available space is represented by the position of the meniscus at 
room temperature. The upper and lower portions, defined by the line where 
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0.2600 ] the meniscus was last seen, 
behave as separate phases. 
It must be mentioned that 
although the data presented 
in Table IV are given in the 
order of decreasing available 
0.2400 space, the actual determina- 
tions were not made in this 
order. In spite of this, the 
0.2300 points fitted on the regular 
curves shown in Figs.4 and5. 
Furthermore, in the majority 
0.2200 of cases, when a certain avail- 
able space was reproduced 
by a proper adjustment of 
0.2100 the mercury, the densities of 
the upper and lower portions 
were also reproduced. Many 

eet 20 2i 22 23 24 of the points on the curves 
Ce Sa Se See given in Fig. 3 were checked 


Fra. 6. Reletion between density and bomb space for each repeatedly, after intervening 
" "’ existing above t iti : ; 
ee ae he critical temperature cooling to room temperature. 





Miscellaneous Experiments 


A number of miscellaneous experiments were undertaken, the results of 
which are worth recording and which will form the basis of further careful 
investigation. In the first place, in the case of methyl ether it was shown that 
the difference in density decreases by approximately one-half, for every 2°C. 
rise above the critical temperature. In the case of propylene the decrease 
is less rapid and density differences were measured as high as 10° C. above 
the critical temperature. 


Both in the case of methyl ether and propylene, the density difference can 
be destroyed. For instance, after recording a density difference of 0.0160 
for methyl] ether at 2° above the critical temperature, a cold spot was brought 
into contact with the upper part of the bomb. After 20 min. the medium 
was of uniform density when kept at constant temperature for several hours. 
This is in agreement with observations previously recorded (8), which were 
further confirmed by the following. When the temperature of the upper 
portion of the tube was kept 0.1°C. below the temperature of the lower 
portion, the density difference was destroyed. This held for propylene and 
methyl ether. The density of the lower portion was much more susceptible 
to change with temperature than the density of the upper portion. 


After a density difference had been established at a given temperature 7; 
above the critical, and then reduced by raising the temperature to a higher 
temperature 72, then on returning to 7; the former density difference at 7) 
is not re-established. 
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If a medium was brought to a temperature 7; above the critical temper- 
ature, and then cooled down to below the critical temperature, it was always 
found that the meniscus reappeared at a markedly lower point in the tube 
than its initial position. Subsequent heating of the medium to 7; resulted 
in a density difference at the point where the meniscus had originally dis- 
appeared in the first heating. A further but less sharp density discontinuity 
was found to exist at the lower point where the meniscus had disappeared 
on the second heating—but this latter seemed to become less with stirring. 


Conclusions 


Having summarized the generalities which may be deduced from a con- 
sideration of the data which have been obtained in this investigation, sup- 
ported by data obtained by one of the writers (8) with a different type of appar- 
atus, it is possible to speculate to some extent on the nature of the phenomenon, 
and to suggest a few bases upon one of which a possible explanation may be 
evolved when more data have been accumulated. As pointed out previously 
(8), the explanation is not likely to be found by a consideration of the influence 
of gravity; nor is it to be sought in a temperature gradient in the thermostat. 
That there is an actual persistence of the liquid phase above the critical 
temperature is possible; that the density differences observed are due to a 
lag in equilibrium, accentuated by the presence of traces of impurities, is 
also a possibility; that this lag is due to the viscosity of the medium does 
not seem possible, in the light of experimental data. On the other hand, it 
is conceivable that the equilibrium lag exists. 


Of the actual persistence of the liquid phase, little can be said with any 
degree of assurance. Many more data are necessary before such a far-reach- 
ing, almost radical explanation can be given for the phenomenon without 
considerable mental reservation. It is true that the experiments which 
indicate the hysteresis effect, and the null effect of mechanical stirring, point 
to some such explanation. But if this is the explanation, the question 
immediately arises, why is the irreversibility noticed once the difference in 
density is eliminated? Again, is the irreversibility only apparent, or is it 
independent of a time lag? Another question which arises in this connection; 
is the elimination of the density difference, brought about by artificially 
maintaining a temperature gradient in the bath, due solely to agitation in 
the medium as a result of a directional flow of the molecules? If so, why does 
not mechanical agitation over prolonged periods of time bring about a similar 
elimination of the difference? If the elimination of the difference by a temper- 
ature gradient is not due to agitation of the medium, to what is it due? 


These, and many other similar questions indicate the complexity of the 
problem. 


In dealing with the explanation based on the assumption that there is a 
lag in equilibrium, it might be said at once that, even assuming this lag to 
be the underlying cause of the density differences, the explanation does not, 
in reality, account for the facts observed. Presupposing a lag, the question 
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arises, to what is the lag due, and in what mechanistical feature of the critical 
phenomenon is it to be found? If the lag is accentuated by the presence of 
impurities (these have been computed to be less than 0.02%), how is this 
accentuation brought about, and how is it operative in maintaining density 
differences over prolonged periods of mechanical agitation, whereas these 
differences are not maintained when a temperature gradient exists in the 
medium? From these considerations alone, it is evident that to explain the 
observed facts on the basis of a lag in equilibrium due to the presence of 
impurities is virtually not to explain them at all. 


There remains the possibility that the lag in equilibrium, if existent, is a 
function of time only. Although density differences persisted over periods 
of as much as six hours, at equalized temperatures, there is the possibility 
that during a greater time interval, the differences would be eliminated. 
This speculation is not entirely without theoretical basis. If the classical 
parabolic density-temperature curve is considered, certain facts are evident. 
For the liquid, the rate of change of density with temperature, up to the 
critical point, is given by a negative ratio; hence, the rate of change of 
volume with temperature, dV /dT, is positive, and at the critical point would 
become equal to plus infinity. On the other hand, the rate of change of vapor 
density with temperature, as the critical point is approached, is given by a 
positive ratio; hence the rate of change of volume in this case, dV /dT, is 
negative, and at the critical temperature would become equal to minus 
infinity. Now, if the relation between two variables is such that the tangent 
to the curve representing this relation approaches either plus or minus 
infinity, it is generally true that some factor governing the relation approaches 
either zero or infinite value. Is this analogy applicable to the consideration 
of density differences, with the time factor, governing the relation between 
density and temperature near the critical point, becoming an infinite quantity? 
From a consideration of the pressure-volume isotherms at the critical point, 
an abstruse indication of a similar nature is discernible. At the critical point, 
the rate of change of volume with pressure, dV /dP, is mathematically equal 
to infinity, since the tangent to the curve at this point is perpendicular, or 
practically so, to the volume axis. Actually, however, the volume does not 
change infinitely with a change in pressure. Is there, then, some significance 
to be attached to dV /dP other than that generally conceived? 


The experimental results of greatest interest are that differences in density 
existing above the critical temperature in a medium are defined by the position 
where the meniscus disappeared, the density above and below being uniform, 
dependent on the mass volume, and not inflienced by long and thorough 
stirring. There appear to exist above the critical temperature two well- 
defined phases. That the lower or “liquid phase’’ is metastable is possible 
and in view of some of the experiments probable. Various explanations of 
mechanism suggest themselves. 

The liquid state may be associated with a condition of regional orientation 
and the critical temperature merely that at which the meniscus or inter- 
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mediate layer broadens out so that the demarcation between the phases 
becomes invisible. The liquid phase may consist of aggregations of molecules 
which persist and these aggregations may be quite large. The “‘liquid phase”’ 
may be disintegrated by evaporation brought on by a distillation when a 
negative temperature gradient occurs upwards. These and a number of 
other tentative explanations offer themselves. Apart from a repetition and 
extension of the measurements described in this paper, viscosity, dielectric 
constant and refractive index measurements are planned or under way. 
When these have been carried to completion some of the questions put in 
this last section may be answered. 
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THE EFFECT OF HIGH-FREQUENCY CURRENTS ON THE 
TRANSITION POINT OF SUPERCONDUCTORS! 


By E. F. Burton?®, J. O. WILHELM’, A. Pitt? anp A. C. Younc* 


Abstract 


The present paper represents a continuation of the work on superconducting 
phenomena for high-frequency currents and the interaction of high-frequency 
and direct currents. It is found for thin films of tin that there is no appreciable 
change in the transition point for frequencies from zero up to 3 X 10’ cycles 
per sec. There is no effect on the high-frequency point due to direct currents 
or on the direct current point due to high-frequency currents, when the value 
of these currents is below about 20 milliamps. There is a very appreciable 
effect on the direct current point when high-frequency currents up to 200 milli- 
amps. are superimposed on the direct current. This effect varies with the 
strength of the high-frequency current and not, as thought before, with the 
ratio of the high-frequency to the direct current. 


Several papers (1, 2, 3) have been published by the group of workers in 
the Cryogenic Laboratory of this Department on the superconducting temper- 
ature of various metals for alternating currents of high frequency and also 
on the effect of alternating currents on the d-c. superconducting temperature 
and conversely, on the effect of the presence of direct currents on the a-c. 
transition point. 


Among other results reported, there were indications that the transition 
point (or critical point), by which is meant the temperature at which the 
resistance begins to change abruptly, for a given wire, was lower when 
measured for high-frequency currents than when measured for direct currents. 
Results for frequencies running from 0.208 X 10’ to 1.61 X 10? cycles per 
sec. indicated that there might be a limiting frequency, about 10° cycles 
per sec., for which the superconducting point would be depressed to 0° K., 
1.e., a frequency for which superconductivity would not exist. 


In the above work previously reported the resistance of the specimen was 
found by observing the reaction of a resonant circuit of the material (in the 
low-temperature compartment) on the plate current of the primary oscillating 
circuit which itself provided the original high-frequency current. The resist- 
ance was then calculated assuming that the change in the plate current of 
the primary oscillator at resonance, due to the presence of the resonant 
circuit, was inversely proportional to the resistance of the specimen. This 
method required that the specimen coil be coupled quite tightly to the 
oscillator; it was considered that methods involving looser coupling would 
give more dependable results. 

1 Manuscript received September 22, 1933. 
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Methods of Measuring High-frequency Resistance 


For this reason and also because the plate current depends so largely on 
the frequency, it was considered desirable to change the experimental 
technique. Consequently three variations of ordinary methods were used to 
determine the high-frequency resistance. 


1 (a). The schematic diagram of this method is shown in Fig. 1a; this is 
particularly satisfactory when used with samples which have a low resistance, 
e.g., solid tin wires. The 
resonant Circuit was Made | g.rinern Electric Peonut Tove 
up of the specimen under | weduncerLiqua Hew sy, eisea Cable 
test and a vacuum-tube | : 
voltmeter was used to 
measure the voltage across 
a condenser in this reso- 
nance circuit. The vacuum 
tube used in the voltmeter Pasvup Coil for Recuuring 
circuit was of a miniature Intensity of Osci llatvons 
type so that it could be 
attached closely to the 
resonance circuit and 
lowered into the flask 
where it could be sub- 
merged in the liquid helium. 
Changes in the plate cur- Oo Pickup Cot 
rent in the voltmeter tube 
were amplified if necessary 
by the use of another tube 
outside the helium flask. 
In this method the output 
of the oscillator was kept 2 
constant and the current Oxiteor FS 
through the specimen read 
from the vacuum-tube volt- 
meter. 

1 (b). In Fig. 1b a balanced shielded detector circuit is shown. Using this 
method the output of the oscillator was varied to keep the current through 
the specimen constant. This method was used with very low current 
strengths. 

1 (c). A third method, illustrated in Fig. 1c, while not as sensitive as the two 
preceding methods, was better for determining the effect of current strength 
on the resistance. It consisted in sending a measured alternating current 
through a concentric shielded cable to the coil under test. The voltage across 
a circuit, consisting of a coil and a condenser of the correct capacity for reson- 
ance, is then directly proportional to the sum of the resistances of the coil 
and the leads. Since the vacuum-tube voltmeter is a ‘“‘square-law”’ instrument, 


to circuit under Hetien’ 


gt Oscillator L ccscattconteal 
Stmetded Balanced Vacuum Tube Voltmeter 





Fic. 1. Methods of measuring high-frequency resistance. 
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the sensitivity is increased by the presence-of additional resistance in the 
leads, provided this is not too large. In practice this is always less than the 
resistance of the coil just above the superconducting point. This method 
is the most satisfactory for measuring the effect of high-frequency currents 
on the d-c. resistance and the effect of direct currents on the high-frequency 
resistance. In measuring the latter effect it is essential that the external 
resistance of the circuit be varied as little as possible since any variation in 
this resistance will cause a variation in the apparent alternating current 
resistance of the sample. In the experiments, voltages up to 720 volts d-c. 
were used to give a maximum current of 24 milliamps. The coil used was 
non-inductively wound and so designed that its resistance (just above the 
superconducting point) was not increased by more than 10% by the d-c. 
circuit. 
Experimental Results 

The results reported below may be conveniently divided into the follow- 
ing groups :— 

I. Experiments on solid wires. (1) Direct currents only; (2) high-frequency 
currents only; (3) with the superposition of direct and high-frequency cur- 
rents—(a) measurement of high-frequency resistance, (6) measurement of 
d-c. resistance. 

II. Experiments on a thin film of tin coated on a fine constantan wire. (1) 
Direct currents only; (2) high-frequency currents only; (3) with the super- 
position of direct and high-frequency currents—(a) measurement of high- 
frequency resistance, (b) measurement of d-c. resistance. 

I (1). In the experiments 
Le ae K AC Reet wal | with solid wires tantalum was 
used; the measurement of the 
ce INT seen d-c. resistance was in every 
case carried out as before by 
Be aRe. the standard potentiometer 
method. The d-c. results were 
the same as those formerly 
obtained, the drop in the resist- 
ance at the transition point 

being very abrupt. 
I (2). In Fig. 2 are shown 
curves for the change in the 
rhigh-frequency resistance for 
currents of 5 and 70 milliamps. 
respectively ; the d-c. resistance 
knee curve, which is practically the 
ae OHH HH 9D Hw Same as 3a, may be used for 
elo Wepewr Promers ua ilg —= comparison. The curve for 70 


Fics. 2 and 3. (2) Curves for high-frequency resis- illi i 
tance and (3) for direct-current resistance when high- milliamps. is more dependable 
frequency currents are superimposed than the one for five, but the 
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curves are almost coincident and show little dependence on current strength 
for currents of this order. 

It is remarkable that the initial change in the resistance at the transition 
point is a slight increase; this is similar to previous results (2), an effect 
formerly thought to be due to experimental error. There can be no doubt 
that this is a real effect for solid wires, but it is not present with thin films 
of the same materials; this point will be referred to later. 

The curves indicate that the reduction in resistance does not appear to set 
in until a temperature is reached distinctly below that for the d-c. transition. 

I (3, a). Small direct currents of the same order of magnitude as the high- 
frequency currents have no noticeable effect on the transition point for high- 
frequency resistance. 

I (3, b). In Fig. 3 the curves are coincident for direct currents of 5 milli- 
amps. and 20 milliamps.; curve 3a shows the result of superimposing a high- 
frequency current of 5 milliamps. on these direct currents, while curve 3b 
is the result of superimposing 70 milliamps. high frequency on the direct 
currents. The superimposed current had a frequency of 2 X 10® cycles per 
sec. in each case. 

From these results it can be concluded that the effect of high-frequency 
currents on the d-c. resistance measurement varies as the strength of the 
high-frequency current and, not as formerly thought, directly as the ratio 
of the direct and the high-frequency current strengths. 

In all the papers referred to above considerable attention has been given 
to the ‘‘skin effect’”’ present when dealing with alternating currents, an effect 
which becomes more and more important as the frequency increases. It 
was thought possible that this complication could be very much reduced by 
experimenting on a thin film of superconducting substance—an arrangement 
which was realized by coating a fine constantan wire with pure tin. This 
was done by drawing the wire through molten tin and wiping the coating 
down to as uniform thickness as possible. The remainder of the experiments 
reported here were performed on these coated wires; as the constantan does 
not become superconducting and maintains a rather high resistance at even 
very low temperatures, the coating of tin is equivalent, as far as super- 
conductivity is concerned, to a very thin cylinder of tin. 

II (1). For small currents the measurement of d-c. resistance gave the same 
transition points as measurements of high-frequency resistance gave for 
frequencies of 2 X 10*, 10’, and 3 X 10’ cycles per sec., 7.e., wave-lengths of 
150, 30 and 10 metres. 

For different samples of tin coating on constantan the d-c. transition point 
was always the same (for small values of the current), but the slope of the 
curve down to the point of disappearance of the resistance varied slightly 
with different samples. 

A series of experiments was carried out to determine the effect of varying 
the value of the direct current on the transition point. The results are shown 
in Fig. 4 which shows curves for four values of the direct current—50, 100, 
200, and 500 milliamps. The spread in temperature of the starting points 
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from Curve 1 to Curve 4 corresponds to about 0.5° K. These results agree 
with those of Sizoo and Onnes (4) on the properties of thin films of tin sput- 
tered on glass. 

II (2). In Fig. 5 are shown curves comparing the measurement of d-c, 
resistance (Curve 1, current 50 milliamps.) with the measurement, for the 

same sample, of the high- 

frequency resistance at two 
different frequencies; Curve 
2, 10’ cycles per sec., 25 mil- 
liamps. and Curve 3, 3 X 10’ 
cycles per sec., and a current 
of varying value but always 
small. These measurements 
were carried out by using the 
second method which gives 
more dependable results than 
the original method. 

These results have three 

striking characteristics :— 
~ (1) The transition point is 


R- 
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pene Vapour Pressure mn aie — : : 
Fic. 4. Variation of superconducting point with the same for direct and high- 
current strength. frequency currents for small 


values of the current. 

(2) The disappearance of the resistance, or the vanishing point, is at a 
lower temperature for high-frequency resistance than for d-c. resistance; in 
fact, the value of the resistance with the high-frequency currents never 
became absolutely zero, as it seems the d-c. resistance does. This is probably 
due to induced resistance from the sur- 
rounding materials. ioe 

(3) There is no indication of a slight rise Tin onConstantan_ |. | 
in resistance before the sample becomes 1 oc sitios 
superconducting to high-frequency currents, 2 10'Cycles 25 Mivampéres 
such as was invariably observed with solid 7 
wires (see Fig. 2, a and b). 

II (3, a). Using small currents there is no 
appreciable effect on the transition point for 
high-frequency resistance due to the super- 
position of a direct current with the tin- 
coated wire. 

II (3, b). The effect of superimposing 
high-frequency currents on direct currents 
while measuring d-c. resistance is to lower 
the transition or critical point for the sample. 
To show this effect the temperature was 
lowered until the d-c. resistance disappeared _ FIG. 5. Resistance of tin on con- 
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then sent through the sample, the frequency was kept constant, and the 
value of the high-frequency current necessary to bring the d-c. resistance 
back to its half-value was determined. Currents of two frequencies, viz., 
60 cycles per sec. and 3 X 10° cycles per sec., were successively used on the 
same sample through which was being passed the same direct current, with 
the following results:—3 X 10° cycles per sec. (wave-length 100 m.)—140 
milliamps.; 60 cycles per sec. (wave-length 5 X 10' m.)—230 milliamps. 
That is, the values of the alternating currents have the ratio of 2 to 3, while 
the frequencies change in the ratio of 50,000 to 1. 


It is well known that the current distribution in a conductor depends on 
the frequency of the applied e.m.f. At high frequencies the current density 
is a maximum at the surface of the conductor and decreases rapidly on 
approaching the centre. There is a phase variation in the current from the 
centre of the conductor to the surface; indeed, there may be a difference 
of 180° or more between the phase at the surface and at the centre of the 
conductor. In this case a decrease in resistance of a section of material in 
the centre of the conductor will cause an increase in the resistance of the 
wire as a whole. This is the same effect as is observed with two tightly 
coupled circuits connected in shunt in one of which the ratio of resistance 
to inductive impedance is much less than in the other. From this it is seen 
that if the centre of a wire becomes superconducting while the resistance of 
a thin layer on the surface of the wire remains the same, then there may be 
observed an apparent rise in resistance of the wire as a whole. This then 
may account for the initial rise of high-frequency resistance observed at the 
d-c. superconducting point (see Fig. 2a, b). The measurements with solid 
tin wire are not sufficiently accurate to bring out this effect. Since the current 
distribution is determined for high frequencies by the effective impedance, 
not by the resistance of a section of the wire, it follows that there will be a 
different high-frequency and d-c. superconducting point if there is any varia- 
tion in this point for different parts of the wire. The d-c. observations will 
give the superconducting point of whichever part of the wire loses its resist- 
ance first. The high-frequency point will be determined by a thin skin on 
the outside of the wire, the thickness of this film decreasing with increasing 
frequency. 


From this it follows that if there is anything affecting the surface and there- 
by causing a lowering of its superconducting point, then the apparent super- 
conducting point of a wire would be lower for high frequency than for d.c. 
There does not seem to be any simple way to test this hypothesis but it does 
suggest that the only suitable type of conductor is one in which the current 
distribution is as far as possible independent of frequency. The only conductor 
satisfying this condition is a thin film of the material. It follows that the 
results obtained with coated wires are more significant than those obtained 
with solid wires. 


From these results it seems certain that there is no appreciable change in 
the transition point for frequencies up to 3 X 10’ cycles per sec. The apparent 
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change is indirectly due to the change in current distribution in the wire and 
probably directly due to surface changes of the conductor. Further, the 
effects of a.c. on the d-c. resistance are probably due to magnetic effects and 
certainly depend only on the magnitude of the alternating current, not on the 
ratio of alternating to direct currents. 
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THE BAROMETRIC FORMULA FOR REAL GASES AND ITS 
APPLICATION NEAR THE CRITICAL POINT! 


By R. RuEpy? 


Abstract 
According to the theory of the continuity of liquid and gascous states, as 
expressed for instance in van der Waals’ equation, pronounced density differ- 


ences may exist in a short column of fluid maintained, throughout its length, 
at the critical temperature. The point in the tube at which the density of the 
contents has decreased a given percentage from the critical value is the higher 
the larger the ratio of the critical temperature to molecular weight. For sub- 
stances like neon the variations are so large that a measurable separation of 
isotopes may be expected at or near the critical point; for other substances the 
computed results are at least of the magnitude found by experiment. Also, 
according to the theory, in order to obtain, at or near the critical point, a column 
of gas of uniform density a temperature gradient must be allowed to exist along 
the column. 


Introduction 


The barometric formula for the variation of pressure with altitude as 
deduced from the laws for perfect gases is in current use and is accurate 
within the narrow range of pressures p, volumes v, and temperatures T over 
which it is needed. At higher pressures, however, the deviations from the 
law for ideal gases necessitate corrections being made. The differences be- 
come of particular interest in the neighborhood of the critical point (p¢, te, Ts), 
where a slight increase in pressure, such as is caused by the mere weight of 
thin layers of gas, may cause important variations in the density. 


Gases Conforming to van der Waals’ Equation 


When the gas or vapor being studied conforms to van der Waals’ equation, 
at least over a limited range of pressures, volumes or densities and temper- 
atures, we have for m gram-molecules of gas the relation: 


(2 +"2) (» — nb) = nRT , 


gr, when the density p is introduced, with M the molecular weight, 


pM?RT 


z= 
pM M —bp 





— ap? 


On differentiating p with respect to p, taking into account the relations 


b = M/3p 
a/b = 27RT./8 


and the fact that an increase of dh cm. in height means a change in pressure 
(in atmospheres) equal to 


i i a 
op = — T955% » 
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we obtain 


Spcle — po) -( Spc — p er) 9T.(p — po) _ M (h — ha) 
(Spe 23 >) (3pe — po) — Po) ” Spe — Po — Pp 47 Pe ., RT 1033" : 





instead of the barometric formula 
In 22 ltl M 
1033 RT 
Supposing now that the column of gas is at (or very near) the critical temper- 
ature 7., and that the density p, at height /, is equal to p,, the relation becomes 


3 sae acl eles eae) — | 
i t—ee -in(1-S ~ " 1088 aT, 


When saa of some 20 or 30 cm. are considered the difference in densities 
Ap. =(p— pc) between any two ge is small, and 


3 
im(1 4) 2-34) 430%) | 
+3 p 
so that leaving out the subscript letter c in p., we obtain an equation which 
depends only on the ratio ye Y, ro 
M  h-h 
22p—Ap 40 ’ as 1033 ’ 
aes wi 
2— 
or simply 


T. 0.375 XK 86.1 X 1033 ? 


for a gas conforming to van der Waals’ equation, instead of 


M h-hh 
T. 86.1 X 1033 


1 1 1 
goes ae ee 
y preter q} 


for a perfect gas. 
The results obtained for various values of Y are shown in Table I. 


TABLE I Since few gases conform 


DENSITY VARIATIONS IN A GAS OF MOLECULAR WEIGHT very closely to van der 


M NEAR THE CRITICAL TEMPERATURE 7, . ‘ : 
Waals’ equation, these 


Percentage | 4, Percentage [ values are to be con- 
change 7 Ah (cm.) change “ss Ah(cm.) sidered as giving the order 
: : ¥ | “* sof magnitude rather than 
actual values applying to 

all substances. But de- 

spite this restriction it 

may be said that for values 

of M/T, not less than 0.1, 

excepting a few substances 

such as water (0.028) 

and hydrogen (0.06), the 

density may increase or 
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decrease by several per cent within a few centimetres above or below a layer 
that is exactly at the critical density (J/ ‘7. equals 0.146 for carbon dioxide, 
0.183 for chlorine, 0.276 for carbon tetrachloride, 0.115 for methyl ether, 
0.158 for ethyl ether, 0.45 for neon and for xenon and 0.74 for helium). 


The density variations are most rapid directly above and below the laver 
which is at the critical density, and at, or near, the critical temperature. 
The effect may, under favorable conditions, simulate a real surface of separ- 
ation between the lower and the upper part of the column. Helium, for 
instance, shows a very sharp boundary surface at the critical point in agree- 
ment with what may be expected from the large value of M//T,. 


The point in the tube at which the density of the contents has decreased, or 
increased, a given percentage below or above the critical value p, is the more 
distant from the layer which is at the critical point, the smaller M/T., so 
that when a gas consists of two isotopes and the critical temperature is nearly 
the same for both constituents, the heavier molecules must show a tendency 
to concentrate, in a certain measure, near the layer which is at the critical 
point. 


Gases Conforming to Wohl’s Equation 


Although van der Waals’ equation continues to be the best simple math- 
ematical expression of the continuity of state, the equation is unsatisfactory 
when used over a wide range owing to our lack of knowledge of the exact 
values of a and b at different temperatures and pressures. It has been found 
that for certain substances, carbon dioxide and fluorbenzene, for instance, 
empirical formulas, which have no theoretical foundation apply over a much 
wider range than van der Waals’ equation. One of them is Wohl’s equation (3): 


a c 
(e+> — bd) -5) (9 — b) 
or, using densities p instead of volumes 


_pRT_ ap? cp* 
= bp MM) tM’ 


.where » is measured in atmospheres; moreover, b= M/4p.; a=8MRT./5p.; 
a/b=32RT./5; c=16M*RT,/15p.2. Proceeding as before, the barometric 
formyla becomes 


( - Dy 4,900 — pe) ~ nine). 22 BRT. pt-pt _ _ h—he 


(4p.— po) (4pe— a Tt se”lUe 


In the special case where the column of fluid is maintained at the critical 
temperature, the relation, leaving out the subscript letter c of p., becomes 


s(™ (1 3) -§ seh) +m (14%) +5 (049) -3- ania 


where Ah is the difference in level between the layer where the density is p 
and the layer with the critical density p.. Apart from the ratio M1 /T., which 
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differs from one substance to another, the level Ah, as in the case where 
van der Waals’ equation applies, depends merely on the value of Y=Ap,/p, 
whatever the gas concerned, and we may write 


ee 22 
maty— 2 (Fstp-m(1-F)) tga tye -§ = Ze ow 





or for small values of Y: 


—SY¥*+4Y* 75 M_ Ak 
3—Y ~~ 16RT, 1033 


for a gas conforming to Wohl’s equation, in place of 


6Y—S5Y? __ 2M 4h 
3—Y RT, 1033 


for a perfect gas. 


It is readily seen that the equation gives 10 to 100 times greater variation 
of density with height than is predicted by van der Waals’ equation. The 
real gases seem to fall within these two limiting cases (1, 2), although Wohl’s 
equation does not apply at the critical temperature to volumes smaller than 
the critical value. 


Conclusion 


The existence of layers with slightly different temperatures also explains 
why, in a closed tube containing the weight of liquid just sufficient to fill 
the available space at the critical point, the boundary surface does not neces- 
sarily appear halfway up the tube and why even when the correct amount 
of liquid is not put in the tube before sealing the sudden disappearance of 
the meniscus may still be observed above or below the middle of the tube. 
On the other hand, as a density gradient will also exist, according to the 
general equations, at temperatures slightly above the critical value, it follows 
that experiments in closed tubes are not likely to indicate the critical temper- 
ature with a high degree of precision. Since such experiments are commonly 
included, however, as laboratory exercises, a discussion of their meaning with 
regard to the continuity of liquid and gaseous states would gain from a brief 
study of the actual effects observed. , 

Variations of density in a column of gas near the critical point cannot be 
taken as necessarily disproving the theory of the continuity of state. 
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